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ABSTRACT
The Performance of Structured High-Capacity Si Anodes for
Lithium-Ion Batteries
Juichin Fan
Department of Chemical Engineering, BYU
Master of Science
This study sought to improve the performance of Si-based anodes through the use
of hierarchically structured electrodes to provide the nanoscale framework needed to
accommodate large volume changes while controlling the interfacial area – which affects
solid-electrolyte interphase (SEI) formation. To accomplish this, electrodes were
fabricated from vertically aligned carbon nanotubes (VACNT) infiltrated with silicon. On
the nanoscale, these electrodes allowed us to adjust the surface area, tube diameter, and
silicon layer thickness. On the micro-scale, we have the ability to control the electrode
thickness and the incorporation of micro-sized features. Treatment of the interfacial area
between the electrolyte and the electrode by encapsulating the electrode controls the
stabilization and reduction of unstable SEI.
Si-VACNT composite electrodes were prepared by first synthesizing VACNTs on
Si wafers using photolithography for catalyst patterning, followed by aligned CNT growth.
Nano-layers of silicon were then deposited on the aligned carbon nanotubes via LPCVD at
200mTorr and 535°C. A thin copper film was used as the current collector. Electrochemical
testing was performed on the electrodes assembled in a CR2025 coin cell with a metallic
Li foil as the counter electrode. The impact of the electrode structure on the capacity at
various current densities was investigated. Experimental results demonstrated the
importance of control over the superficial area between the electrolyte and the electrode on
the performance of silicon-based electrodes for next generation lithium ion batteries. In
addition, the results show that Si-VACNT height does not limit Li transport for the range
of the conditions tested.
Keywords: Juichin Fan, lithium-ion batteries, silicon anode, vertically aligned carbon nanotubes,
solid-electrolyte interphase, encapsulation
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Introduction

As high-technology devices such as electric vehicles and portable electronics continue to
evolve, the demand on lithium-ion (Li-ion) rechargeable batteries has been focused on longer cycle
life and higher energy density to meet the needs of these devices. Currently, Li-ion batteries utilize
graphite as the anode and lithium metal oxides or phosphates as the cathode. One way to improve
the energy density of Li-ion battery cells is to adopt new electrode materials with high capacities,
e.g. the elements from the IV-A or V-A column of the periodic table for anode materials, due to
their ability to form lithium-rich alloys [1]. These anode materials are capable of capacities three
to ten times greater than that of the graphite electrodes.
Among anode materials, silicon has the highest specific capacity of 3,579 mAh/g for the
fully lithiated phase of Li5Si4 at room temperature [2], much higher than the graphite anodes, ~372
mAh/g for LiC6, found in current Li-ion batteries. Silicon is also the second most abundant element
found on the earth and possesses a relatively low molecular weight (20 g/mol). Although the Sibased electrode is promising, there are some issues that limit its performance. Two main issues
that negatively impact cell capacity and performance are i) large volume changes during
charging/discharging and ii) the formation of an unstable passivating layer (which is called solidelectrolyte interphase, SEI) upon contact of the electrochemically active material with the reduced
electrolyte solvents at the interface with the electrode. The former induces the degradation of
1

electrode structure and the latter hinders Li transport and reduces Coulombic efficiency, thus
shortening the cell life. Literature studies of Si-based electrodes [3, 4] show that decreasing silicon
particles down to nano-scale (~150 nm for nanoparticles and ~300 nm in diameter for nanowires)
can accommodate the volume-change issue [5]. However, nano-sized Si particles also introduce a
relatively high surface area which exacerbates the SEI problem.
Hence, to overcome these challenges and to investigate the stabilization and reduction of
the unstable SEI formation, this study examines electrodes fabricated from vertically aligned
carbon nanotubes (VACNT) infiltrated with silicon. This Si-VACNT design should provide the
mechanical strength needed to enhance the electrode structure upon charging/discharging while
controlling the interfacial area between the electrolyte and the electrode to ultimately optimize the
cycling performance. It also allows the control over electrode height and silicon loading, which is
a great tool for understanding lithium-ion transport in the silicon anode and the role of the SEI on
cycling performance.
In this document, the literature studies of Si-based electrodes and SEI formation are
organized in Chapter 2, followed by the objectives, scope, and approach of the work in Chapter 3.
Chapter 4 introduces the methodology and experimental setups. Chapter 5 and 6 demonstrate the
results of the Si-VACNT electrodes. The last chapter discusses the observations, conclusions, and
future opportunities. Appendices include supplementary documents to support the work reported
in the body of the thesis.

2

2

Background

2.1 Lithium –Ion Battery Electrodes
In commercial lithium-ion batteries (LIBs), the most commonly used cathode materials are
transition metal oxides [6], out of which LiCoO2, LiMnO2, and LiFePO4 are the most frequently
used; graphite is the most popular anode material. Both the cathode and anode materials react with
Li ions via a mechanism called intercalation/de-intercalation, meaning that both electrodes allow
Li to move in and out of their interiors. When a LIB is being discharged, Li atoms are deintercalating from the graphite electrode and intercalating into the metal oxide electrode (see
Figure 2-1). During charging, Li ions go in the reverse direction. As a result, the intercalation/deintercalation mechanism provides good capacity retention over many cycles compared to batteries
without the intercalation mechanism. However, the specific capacity and energy density of
materials with the intercalation are still relatively low owing to the limited intercalation sites
available in the electrodes. Here, the specific capacity is the value of the charge or energy stored
in the electrodes normalized by either mass or volume and is expressed commonly in either
ampere-hours per gram (Ah/g) or ampere-hour per volume (Ah/cm3).
Currently, cathode systems, such as lithium-nickel-cobalt-oxide and lithium-manganeseoxide, have specific capacities between 160 and 200 mAh/g corresponding to a 9-18% increase
3

Figure 2-1: Li-ion battery discharge mechanism. The negative electrode is made of graphite while the positive
electrode is metal oxide.

in total mAh/g capacity over today’s LIB cells which is inadequate to meet the requirement of
high-performance LIBs [3]. On the other hand, researchers have discovered that semi-metal
elements, like Si, Ge, and Sn, possess relatively high capacities as anodes, usually up to ten times
higher than the current graphite anodes. In addition, these elements react with Li ions via a different
mechanism: Li ions and these materials form alloys that involve bond-breaking in the host sites
and thus cause dramatic structural changes [7]. Materials that form alloys tend to have higher
capacities than intercalation electrode materials because the atomic framework does not interfere
with the alloying reaction [3].

Among anode materials, Si-based electrodes have become a

prospective candidate to replace the conventional graphite anodes in LIBs owing to the fullylithiated Li-Si alloy stoichiometry (Li5Si4) which has a much higher concentration of Li ions than
that of the fully-lithiated graphite (LiC6), as well as a low operating voltage (0.4-0.5 V vs. Li/Li+)
[8]. Silicon is also one of the most abundant elements on earth and is environmentally-friendly.
4

Therefore, LIBs having higher performance will require new discovery in anode materials such as
silicon which possesses considerably higher specific capacities than the current commercial
graphite anodes.
In spite of the promising properties of the above anode materials, there are two issues
associated with cell degradation that limit cell performance. The first issue of concern is the
volume change of the active materials (e.g., Si or Sn) upon successive discharge/charge cycling.
The other is the formation of an unstable Solid-Electrolyte Interphase (SEI) from decomposition
of the electrolyte solvents.
2.2 Volume Changes of Si-based Anodes
Silicon-based electrodes tend to encounter large volume expansion, up to 300%, during
electrochemical lithiation (lithium ions moving into a Si-based electrode) and shrinkage upon delithiation (lithium ions leaving a Si-based electrode). Upon lithiation, crystalline Si expands more
with dramatic anisotropic elongation along [110] direction, leading to the pulverization of the
active material in composite electrodes [9, 10]. It is well-known that, upon lithiation, both
crystalline and amorphous silicon will be transformed into an amorphous LixSi phase [11] and
become crystalline compounds (Li15Si4 or Li22Si5) again at much lower voltage (~0.05 V). There
is another phase-transition region during delithiation, in which the final product is amorphous Si
[2, 8, 12].
This phase-transformation phenomenon is called electrochemically-driven solid-state
amorphization which occurs when a thermodynamically preferred crystalline intermediate
component (crystalline Si) is unable to nucleate, and a metastable phase (amorphous Si) with lower
free energy forms instead [13, 14]. During the coexisting phases (crystalline and amorphous Si),
5

the large inhomogeneous volume change occurs and leads to particle fracture and mechanical
strains [15]. Repeated volume changes upon continuous charge/discharge cycles result in the loss
of contact with the conductive agents, which is responsible for poor capacities and cycle fading.
2.3 Strategies to Mitigate Si Volume Changes upon Cycling
In an attempt to accommodate the volume changes during lithiation/de-lithation process,
several approaches have been applied including 1) reducing the silicon particle size down to the
nano-length scale with electrode architectures other than Si thin films or bulk Si [4, 16-19] and 2)
constructing Si/carbon composites (also called the silicon/carbon core-shell structure) .
The effect of Si particle size on cycling stability was demonstrated by Li et al. in which
they reported that a nano-Si (78 nm in diameter) powder anode showed improved capacity
retention relative to normal Si powder (passed through 250 mesh) because of the smaller volume
variation that was distributing by nanoparticles [20]. As the Si particle size is decreased from
micro-size down to nanometer range (diameter less than 100 nm), the surface area for charge
transfer is higher and the diffusion length is shorter. Nanostructured silicon such as silicon
nanoparticles, nanowires, and nanotubes have been made into electrodes with specific capacities
over 3000 mAh/g (10 times higher than commercial graphite anodes) and improved cycle life (~20
cycles) relative to bulk Si [21]. Even though the volume-change issue has been largely overcome
by using silicon nanostructures, the interfacial area between the electrolyte and electrode is
increased and not static, which ultimately exacerbates the solid-electrolyte interphase problem [19,
22].
Since pure silicon is not a good electrical conductor, maintaining electrical and ionic
conductivity in Si-based electrodes upon cycling is critical for advanced Li-ion batteries. Carbon
6

nanofibers and carbon nanotubes (CNTs) have been used as templates to form Si/carbon core-shell
nano-composites by infiltrating silicon into the nanostructured carbon matrix so that the particular
electrochemical and physical properties of each component can be exploited [17, 18, 23, 24].
Carbon nanotubes stand out as a better option for composite materials due to their superior
mechanical strength [25] and shorter diffusion length for lithium [26]. Although Si/carbon nanocomposites have lower specific capacities (~2000 mAh/g) compared to nanostructured silicon
(~3000 mAh/g), they have longer cycle life (above 100 cycles) and better capacity retention
(~80%) over a few hundreds cycles because the carbon nanotubes provide a mechanical
enhancement to accommodate silicon expansion and to maintain the electrical conductivity during
repeated cycling [17, 26, 27]
Both nanostructured Si and Si/carbon nano-composites help to mitigate problems
associated with volume changes upon cycling. However, the unstable solid-electrolyte interphase
is still problematic owing to high surface areas resulting from nano-structures. SEI stability at the
interface between the silicon and the liquid electrolyte is another crucial factor that needs to be
addressed in order to achieve high-performance LIBs.
2.4 Solid-Electrolyte Interphase on Si-based Electrodes
Another major concern related to Si-based anodes is the formation of an unstable layer of
solid-electrolyte interphase (SEI). The solid-electrolyte interphase forms because the electrolyte
in a Li-ion cell operates at a thermodynamically unstable voltage [19]. The operating potential of
Si is ~0.5V, which is beyond the lowest unoccupied molecular orbital (LUMO) of commercial
carbonate electrolytes (~1V) [28]. Thus, the electrolyte decomposes reductively during lithiation
of Si, forming a passivating film containing an inorganic layer close to the electrode surface, which
7

is composed of LiF, Li2O, and Li2CO3. A covering organic salt layer (LiCH3, LiOCO2CH3, and
ROLi where R denoting as an organic group depending on the electrolyte solvent) is formed on
top of the inorganic layer [19, 29, 30]. A detailed SEI formation mechanism is described in Figure
2-2 [30, 31]. The primary electrochemical reaction is lithium lithiates with Si to form Si-Li alloys.
However, the SEI formation competes with the primary reaction and consumes lithium. The
continuously formed lithium salts and organic/inorganic compounds will deposit on alreadyformed SEI layers. It is the repeated processes of reduction and growth that form dynamic SEI
layers [30]. The thickness and homogeneity of the SEI layer depends on the electrical conductivity
of the electrode, the surface structure, and the types of the electrolyte solvents.
Unlike the SEI on graphite anodes, the SEI on Si-based electrodes is loose and porous [32],
thus allowing the electrolyte continuous access to the underlying Si surface. Repeated liquid
electrolyte reduction on the surface of Si electrode leads to the increase of the amount of
electrolyte-degradation products accumulating in the pores of the composite electrode and/or at
the surface of the active material and therefore growth of an unstable SEI film [33, 34]. The
unstable and thick SEI layer gives rise to a degradation in the battery cell through the following
factors: i) the electrically insulating nature of the SEI weakening the electrical conductivity
between the current collector and the electrode; ii) the consumption of lithium ions and the
electrolyte during continuous SEI formation; iii) a long lithium ion diffusion path through the thick
SEI layer; and iv) electrode fracture caused by mechanical stress from the thick SEI [22, 34].
Anunstable and thick SEI layer ultimately results in high internal resistance and low Coulombic
efficiency (defined as the efficiency of electrons transferring in an electrochemical reaction,
usually the ratio of lithiation capacity to de-lithiation capacity). A low Coulombic efficiency at the
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Figure 2-2: The desired reaction is the lithiation of Li into Si electrode, but Li also reduces the electrolyte to
form the SEI layers on the electrode surface [30].

first cycle is ascribed to the formation of SEI [22, 33]. For high-performance batteries, the SEI
layer should be electronically resistive to avoid SEI thickening and ionically conductive to reduce
overvoltage [35].
Although an unstable SEI impacts Li-ion cell capacity fading, the formation of a stable SEI
layer plays an essential role for protection of anodes at large negative potentials [22] and allowing
the design of high-voltage batteries operating outside the “voltage window” (defined as a voltage
potential range that a substance does not get oxidized or reduced) with electrochemically stable
electrolyte. Hence, it is very critical to stabilize the SEI in improving the cell performance and the
cycle life.
2.5 Strategies to Stabilize and Control SEI on Nano-Si
According to the literature, solid-electrolyte interphase is a principal factor in irreversible
capacity loss during the initial few cycles because the formation of SEI consumes Li ions [33]. In
order to reduce the irreversible capacity loss due to an unstable formation of SEI, several methods
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have been adopted, among which are 1) pre-lithiation before cycling [36], 2) coating individual
nano-structures [22, 23, 36-38], and 3) encapsulating the entire electrode surface [1, 39, 40].
First, pre-lithiation is meant to intercalate Li into the electrode active material by putting
extra Li powder in the electrodes prior to electrochemical testing, in which an SEI is expected to
form. This reduces the initial irreversible capacity loss to some extent, but the following cycles
suffer from low Coulombic efficiencies (~70% in the second cycle and returning back to ~98%
after 20 cycles) due to the complete dissolution of Li power in the first cycle [36].
Secondly, coating individual nano-structures seems to be promising. Researchers have
been using different materials such as carbon, silicon oxide and metal. Intuitively, insulating the
anode from the electrolyte with a Li conductor (such as carbon) would likely stabilize and reduce
the SEI formation. Carbon has good electronic and Li-ion conductivity [33]. Yen et al. [38]
compared the SEI morphology and cycling performance of pristine Si electrodes with carboncoated Si electrodes. Their results indicated that a pristine Si electrode had a rough SEI surface
with fluorinated C and Si as the primary components, whereas carbon-coated Si electrode
exhibited a smooth SEI layer with no fluorinated species. In addition, Yushin et al. demonstrated
that their ultra-thick VACNT-Si composite (~1 mm) protected with a carbon layer had Coulombic
efficiency close to 99% while an un-protected VACNT-Si electrode had a Coulombic efficiency
less than 98%. Although the carbon-protected VACNT-Si samples had more stable capacity
retention at low C-rates, they reported that their ultra-thick VACNT-Si composites did not have
good rate capability and suggested that adding interpenetrating channels would help ion diffusion
for improvement of high rate/high power performance. Based on their SEM images of VACNT
forests, there was a quite a bit of space in the forests which allowed them to coat thick silicon layer
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(~70 nm). However, the SEI formation on their electrodes was not clear because they did not report
any information of their post-cycling characterization.
Besides carbon, silicon oxide is another option for the coating layer due to its rigid
mechanical stability to withstand silicon volume changes upon electrochemical cycling. Chan et
al. demonstrated that the silicon nanotubes coated with a silicon-oxide layer was capable of
stabilizing and reducing the SEI because the oxide layer prevented the exposure of the inner silicon
from the electrolyte. The designed structured also provided space for the silicon to expand inward.
They also showed the SEM images of post-cycled samples which were cycled 200 times,
indicating that the surface morphology on samples without the coating layer was rough but the
surface was relatively smooth for samples with the coating layer. Silicon nanotubes and nanowires
without the coating layer were buried under a great amount of SEI whereas the silicon nanotubes
with the clamping layer had only a small amount of SEI.
Thirdly, encapsulating the electrode surface with a thin layer is capable of decreasing the
interfacial area with the electrolyte while maintaining the Li-ion diffusion. Encapsulation differs
from coating individual nano-structures as depicted in Figure 2-3. Some prospective encapsulation
materials include graphene [40, 41], amorphous carbon [1], and metal coating [42] on the outside
of the electrodes.
Liu et al., constructed a pomegranate-shaped electrode that contained primary and
secondary silicon nano-particles in which an individual silicon nanoparticle was encapsulated with
a conductive carbon layer for silicon volume change. Those composite nanoparticles were then
ensembled into the primary particle with a thicker carbon layer that acted as an electrolyte barrier.
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Figure 2-3: Schematics of (A) a carbon coating on individual nano-structure [23] and (B) encapsulation on the
entire electrode surface.

Their results had high Coulobmic efficiency (99.87%) and a superb cyclability (97% capacity
retention after 1,000 cycles). Although their electrodes cycled extraordinary well, they reported
some issues associated with this design, such as the lithium ion trapped inside the silicon particles
causing low Coulombic efficiency as opposed to commercial graphite anodes and decrease of the
initial Coulombic efficiency as the thickness of the carbon layer increased [1]. On the other hand,
He et al., [42] stabilized the irreversible reactions and Coulombic efficiency by applying alumina
layers on patterned amorphous silicon thin films. Two different thicknesses of alumina (2 nm and
4 nm) were deposited on silicon electrodes. They reported that the 2-nm-thick layer had excellent
cycling performance with the initial capacity of 1,125 mAh/g and the capacity remaining of 97.7%
of its initial after 100 cycles while the electrodes with 4 nm thick of alumina did not have any
capacity during cycling which indicates that a 4 nm thick layer blocked lithium ion diffusion into
the active material.
Lee et al., [40] used nitrogen-doped CNTs and graphene to encapsulate silicon electrodes
via a surface charge tuning with pH control, which process utilized the surface chemistry of the
silicon to self-encapsulate the CNTs and graphene. The advantage of this method was that it did
not require a complicated process and/or a high-temperature environment. However, the capacity
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retention attained was only 79% after 100 cycles. A similar study of nitrogen-doped graphene was
done by de Guzman et al. [43] who used various graphene sheet sizes and nitride levels to
investigate the effect. The cycling performance depended on the size of graphene flakes. As the
flake size increased, a higher initial capacity was obtained. In contrast, samples having small
graphene flakes suffered from drastic capacity decay. Also, they evaluated the nitrogen-doping
level in the graphene samples and indicated that the increase of nitrogen brought about an increase
in the degree of disorder/defects in the graphene sheets, which ultimately created more edge sites
than un-doped graphene for promoting the irreversible reaction with the electrolyte, even forming
more SEI.
All these approaches have shown different levels of improving irreversible capacity loss
by preventing the electrode from exposure to the electrolyte or by providing extra Li atoms before
cycling; yet achieving long cycle life and stable Coulombic efficiency at an early cycle stage is
still a challenge. Of particular concern with coating and/or encapsulating silicon with another
material is the impact of the additional layer on Li transport, and the ability of the lithium to reach
the silicon through solid-diffusion since the high surface area of the nanostructured material is not
exposed to the electrolyte.
2.6 Vertically Aligned Carbon Nanotubes (VACNTs)
Vertically aligned carbon nanotubes are carbon nanotubes grown perpendicular to a
substrate (Figure 2-4) and provide extraordinary features for battery application such as enhanced
electrical conductivity, lower resistance/impedance, and robust mechanical support. These
structures can be grown to a wide range of heights from 10’s of microns to over a millimeter.
Additionally, the VACNT structures are highly porous on the nanoscale due to low nanotube
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Figure 2-4: SEM micrographs of VACNTs with patterned micro-channels (A) and (B) is a close-up view of
the cross section.

density resulting in a distance between nanotubes of approximately 100 nm. Due to their low
density, carbon nanotubes account for only about 1% of the total volume. VACNT electrodes are
ideally suited to the study of how different loadings of electrochemical active materials affect
cycling performance and SEI formation.
Another outstanding feature is that VACNTs allow the possibility of fabricating finely
patterned vertically aligned arrays including high aspect arrays of micro-sized channels (Figure
2-4A) to facilitate the ion and electron transport. Because each VACNT is connected directly to a
current collector, the enhanced electron transport obviates the need for a binder and conducting
additives, which eliminates unnecessary weight from the electrode. These features have been
proven to enhance capacity retention [18, 23, 44, 45].
2.7 Summary
In summary, in order to enhance the performance of LIBs, silicon is chosen as a promising
anode material due to its relatively high specific capacity, which is ten times more than current
graphite anodes. Yet, two main obstacles associated with Si-based electrodes remain. The first
concern is the large volume changes (up to 300%) that occur upon electrochemical cycling. These
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volume changes can lead to electrode pulverization and detachment from the current collector,
causing drastic capacity decay. The second concern is the formation of a solid-electrolyte
interphase as a result of electrolyte solvent reduced at the interface between the electrolyte and the
electrode. SEI builds up and leads to irreversible capacity loss and low Coulombic efficiency. The
loss of electrical conductivity, capacity decay, and electrode destruction hinder the
commercialization of silicon-based electrodes.
The literature review showed that the use of nano-sized silicon structures, such as silicon
nanotubes, silicon nanowires, and silicon nanoparticles, can accommodate the volume changes and
enhance cycling performance due to a shorter diffusion length and smaller volume variation [46].
Solid-electrolyte interphase is a critical factor in realizing high-performance LIBs because
a stable SEI protects the anode from further reaction with the electrolyte solvents while an unstable
SEI consumes Li that are then not available for the desired electrochemical reaction in the battery
cell. Thick SEI also increases the internal resistance of a cell and causes shorter battery life.
Consequently, the literature has examined the use of a coating layer on an individual Si nanostructure or encapsulation of the whole electrode surface in order to minimize the exposure of the
silicon electrode to the electrolyte and reduce SEI related problems. However, there is a trade-off
between cycling stability and encapsulation layer thickness. A thicker encapsulation layer slows
down solid diffusion rates and inhibits rate performance [22, 42].
Vertically aligned carbon nanotubes can be used to enhance the electrical conductivity and
mechanical stability of Si-based electrodes. They also provide a controllable structure that is
ideally suited for studies of Si-anode properties and performance. Combining the merits of
VACNT silicon/carbon core-shell nano-composite and encapsulation would address the two main
issues of Si-based electrodes.
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3

Objectives, Scope, and Approach

3.1 Objectives and Scope
The aim of this research was to maintain electrode structure while reducing the solidelectrolyte interphase through the use of hierarchically structured electrodes and an encapsulation
technique that simultaneously exploits the benefits of nano- and micro-length scales of VACNTs
and the chemical/electrical properties of carbon. The principal purpose was to investigate the use
of Si-VACNTs composite electrodes that provide control over electrode height, total electrode
surface area, and silicon loadings to improve cell performance and lengthen the cycle life. In
addition, controlling the surface area of the electrode was critical to stabilization of the solidelectrolyte interphase (SEI) and to reduction of the amount of unstable SEI. Thus, a key aspect of
the work was to increase our understanding of the SEI properties and how they can be influenced
by encapsulation of the electrode to control the total surface area exposed to the electrolyte.
3.2 Approach
Previously, our group developed a carbon nanotube template microfabrication (CNT-M)
process that permits precise control of electrode geometry. This ability enables us to study the
influence of electrode geometry on ion transport, SEI morphology, and rate capacities by
developing vertically aligned carbon nanotube composites infiltrated with Si.
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The key objective of this work was to use the CNT-M process as a template for Si-based
electrodes and to study silicon volume changes and SEI formation problems by implementing a
micro-scaled encapsulation layer on the Si-VACNTs. To do this, the project was categorized into
the following phases in order to understand and optimize the electrode performance:
•

Phase 1: Fabrication and testing of unpatterned non-encapsulated cells to
characterize baseline performance.

•

Phase 2: Fabrication and testing of patterned non-encapsulated cells to validate the
feasibility of micro-channels to enhance the ion transport and to adapt the silicon
volume changes.

•

Phase 3: Fabrication and testing of unpatterned encapsulated cells to stabilize the SEI
while maintaining the cell structure by controlling the surface area between the
electrolyte and the electrode.
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4

Materials and Methods

4.1 Anode Fabrication
4.1.1

VACNT Growth

Si-VACNT electrodes were fabricated in collaboration with Dr. Davis’s group from the
Physics department. VACNTs were synthesized in a three-step process—1) preparation of silicon
substrates via lithography technology, 2) deposition of an iron catalyst layer, and 3) VACNT
growth on the substrate in an ethylene vapor-rich environment [47]. The three-step process was
illustrated in Figure 4-1. Prior to the photolithography step, a 30-nm layer of alumina was
deposited on the silicon substrate via an E-beam evaporator (Denton Vacuum E-beam Evaporator,
New Jersey). This oxide layer acts as a protective layer for later Fe catalyst deposition. Next, we
deposited 4 nm thick layer of iron (Iron piece, 99.97%, irregularly shaped, Alfa Aesar) catalyst on
the lithographed wafers via a thermal evaporator operating at 1 × 10−5 Torr . The thickness
measurement was done by a crystal monitor (Inficon Deposition Monitor, Capovani Brothers Inc.)

in the thermal evaporator system. After the thin film deposition, the wafers were diced into 1.5 cm
x 1.5 cm square and the photoresist was lifted-off by sonicating in an N-methyl-2-pyrrolidone
(NMP) solution.
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Figure 4-1: Schematic illustration of the VACNT three-step growth process.

The final step was to grow vertically aligned carbon nanotubes in an ethylene-rich gaseous
environment. Typically, wafer substrates were located on a quartz boat and placed at the center of
the hot zone in the furnace tube (Lindberg/Blue M™ 1100°C Tube Furnaces, Thermo Scientific).
Hydrogen flowed through the tube furnace at a rate of 232.67 SCCM while heating up. Once the
desired temperature (750°C) was reached, the flow of ethylene at a rate of 249.3 sccm was initiated.
The observed growth rate of VACNT was approximately 1.3 μm/sec. When the CNT growth was
done, the temperature of the furnace was raised up to 900°C for carbon infiltration on the CNTs in
order to reinforce their mechanical stability. The carbon infiltration was usually run in a range
between one and two minutes. At the end of the carbon infiltration, all the process gases (C2H4 and
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H2) were turned off and argon was turned on and allowed to flow through the furnace while it
cooled. Figure 4-2A and B show the SEM images of synthesized patterned (A) and un-patterned
(B) arrays of VACNTs. Figure 4-2C shows the synthesized VACNTs on wafer substrates.

Figure 4-2: SEM micrographs of (a) a patterned array, (b) an unpatterned array and (C) synthesized
VACNTs on wafer substrates.

After VACNT fabrication, a KOH etch method was used to remove the silicon oxide layer
in order to detach the VACNTs from the substrate prior to the deposition of silicon. Samples were
immersed in the KOH solution (30% by mass) at ~75°C as controlled by a constant temperature
water bath. It usually took 20 to 30 minutes to release the VACNTs from the wafer substrate. Once
the release was done, VACNT samples were soaked in de-ionized water for 10 minutes and were
transferred to 2-propanol for another 10 minutes. Samples were dried at room temperature
overnight before moving to the next step.
4.1.2

Silicon Infiltration

Si infiltration was done by low-pressure chemical vapor deposition (LPCVD), operating at
200 mTorr and 535°C. Silane (SiH4) flowing at 20 sccm was fed into the tube furnace. The mass
of each unpatterned Si-VACNTs composite sample was measured before and after Si infiltration
in order to obtain the Si loading masses. For un-encapsulated samples, Si-VACNT samples were
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then transferred to an Ar-filled glovebox for battery cell assembly. Those cells that required
encapsulation were stored in a plastic compartment prior to encapsulation.
By controlling the Si deposition growth time and infiltration process parameters (e.g.,
temperature, pressure), the desired Si loading mass can be obtained. A variety of Si deposition
times (e.g., 15 min, 20 min and/or 25 min) were used to change the Si loading on VACNTs.
4.1.3

Encapsulation

4.1.3.1 Carbon Nanotube Spray
The purpose of spraying carbon nanotubes (CNTs) on the electrode surface was to provide
a homogeneous and smooth platform upon which the encapsulation layer could be grown. The
spray solution contained multi-walled carbon nanotubes (MWCNTs, Aldrich Sigma) and NMP
(Aldrich Sigma, semiconductor grade) at a ratio of 1.2 mg CNTs/mL of NMP. After placing the
MWCNTs in NMP solvent, the solution was sonicated (Vibracell, VCX 500) for 20 min at 25%
amplitude and 1 sec on/1 sec off pulse mode inside a fume hood. Then, the solution was divided
evenly into two centrifuge vials and centrifuged for one hour at 22,000 rpm. The top 2/3 portion
was pipetted out into new vials; the rest 1/3 portion was discarded. The solution was then ready
for spraying. Next, the CNT solution was injected into a spray nozzle via a 24-mL plastic syringe
with a stepping motor to control the amount of solution. The injection rate was 0.25 mL/min. The
spray process was controlled by a Labview program that allows the user to define the spray area,
number of sweeps in one run, and number of runs. The parameters for spraying four samples at
the same time were: 2 inch by 2 inch spray area, 0.1 inch spacing between sweeps, and 50 runs.
The resultant surface after CNT spray is shown below in Figure 4-3. More results will be discussed
in Section 6.1.
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Figure 4-3: SEM micrographs of Si-VACNTs before (a) and after (b) CNT spray.

4.1.3.2 Plasma-Enhanced Chemical Vapor Deposition (PECVD)
After the CNT spray, samples were taken to the PECVD for the carbon encapsulation step.
A gas mixture of 2% CH4 in 98% of Helium was used to form a carbon plasma during deposition.
Operating pressure controls the deposition rate and thus determines the thickness of the
encapsulation layer. In order to study the relationship between pressure and PECVD layer
thickness, several run conditions have been carried out and were summarized in Table 4-1 below.
Group 1 and Group 2 had different operating pressures.

Table 4-1: PECVD deposition parameters and results.

Group 1
Group 2

Deposition time

Deposition pressure

Carbon layer
thickness (avg)

PECVD carbon
mass (avg)

45 min
45 min

0.01 Torr
1 Torr

20-30 nm
300±10 nm

0.10±0.02 mg
0.12±0.03 mg
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4.1.4

Current Collector

A 250 nm thick layer of copper (20-30 mesh, Chemical MFG. Corp.) was uniformly
deposited on the back of each sample via a thermal evaporator, operating at 1x10-5 Torr and 200
V. The thickness of the copper layer was monitored by a crystal monitor (Inficon Deposition
Monitor, Capovani Brothers Inc.).
4.2 Cell Assembly/Disassembly
4.2.1

Cell Assembly

After fabrication was complete for either un-encapsulated or encapsulated anodes, the
electrodes were transferred into an Ar-filled glovebox for battery cell assembly. The electrolyte
used in the project was 1M LiPF6 in 1:1 ratio of ethylene carbonate/diethyl carbonate mixture. A
Li metal disk (15.6 mm in diameter and 0.25 mm in thickness, MTI corp.) was used as the counter
electrode. Celgard 2400 polypropylene (PP) was the separator material. Fabricated electrodes were
made into a CR2025 coin cell (the specification was 20 mm in diameter an d 2.5 mm in thickness).
The configuration is shown in Figure 4-4. A Si-VACNT electrode was placed at the very bottom
of a coin cell can with six drops of electrolyte and covered with two layers of Celgard separators
to prevent short-circuits, followed by stacking a Li metal disk, more drops of electrolyte, a piece
of spacer disk, and a spring. The electrolyte in each coin cell was approximately 120 µL. The
spacer disk was for holding down the stack of battery components while the spring was used to
spread the force out evenly from crimping/sealing the coin cell. The can and case were made of
SS 304 (standard stainless steel that was made of 18% chromium and 8% nickel) with nickel plated
on the outside layer while the spacer and spring were made of SS 316 L (an extra-low carbon
version of an austenitic chromium-nickel stainless steel containing molybdenum). The gasket was
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made of poly-propylene (PP). We used manual crimping tool (HS HCC-2025, 150W x 250L
x200H mm with approx. 12 kg, Pred Materials, NY) to seal the coin cells.
There were several things to pay attention to when assembling. First, the separator size
must be greater than both working and counter electrodes in order to prevent a short-circuit. The
average diameters for working electrode, counter electrode and separator were 11.3 mm, 15.6 mm,
and 16 mm, respectively. Second, since we used two layers of separator, bubbles may form in
between separators when adding the electrolyte, which also causes short-circuits. Hence, bubbles
have to be removed before further assembly. Third, during stacking of cell components, the silicon
and Li electrodes need to be aligned in order to reduce the internal resistance and prevent shortcircuits.

Figure 4-4: battery cell assembly configuration.

4.2.2

Cell Disassembly

For study of the SEI morphology, VACNT-Si composite electrodes were examined with a
high resolution SEM (S-Feg XL30, FEI Company) and dual beam system Helios (Helios Nanolab
600, FEI Company); thus disassembly of cells was necessary. All disassembly was conducted in
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the Ar-filled glovebox. After the desired charge/discharge depth was obtained, cells were taken
apart and then were rinsed with dimethylcarbonate (DMC) or diethyl carbonate (DEC) twice. The
rinse process lasted 5 minutes. DMC- or DEC-washed samples were dried in the Ar-filled
glovebox overnight before microscopic examination or SEI removal [19]. Samples were packed
into aluminum-coated zip-lock bags inside the glovebox before being transported to the
microscopes for examination.
4.2.3

Modified SEI Removal Method

The purpose of SEI removal was initially to investigate the micro-channel clogging that
was observed in the patterned Si-VACNT samples. Later it was used as a tool to study the
formation and reduction of SEI on encapsulated samples. The procedure involved removing the
SEI using concentrated hydrochloric acid (99%, brand name). Samples previously washed by
DMC were soaked in HCl solution for one hour in a fumed hood [19]. Then, samples were rinsed
with distilled water and dried overnight before transferring to the microscopes for examination.
4.3 Electrochemical Testing
Battery cells were charged and discharged galvanostatically using a MACCOR 4300. In
this work, we define lithium insertion into silicon as charging and lithium extraction from silicon
as discharging. All silicon cells were cycled between 0.8 and 0.01V. The reason we chose this
range is that voltage control is a method to retain cell capacity [48]. Although a wide voltage
window (0.01 to 2 V) can obtain a relatively higher capacity at the beginning, the capacity fades
faster in a long run. Most importantly, in order to realize the high performance of LIBs, the working
potential of anode materials should stay low enough to allow the full-cell to have a potential
gradient to drive the battery cell.
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Reported C rates assume an electrode having capacity of 2.5 hr/g, meaning that for 1C,
𝐴𝐴

the discharge/charge current passing through the cell is 𝐼𝐼 = 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 �2.5 𝑔𝑔� × 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚.
4.4 Characterization
Scanning electron microscope (SEM) micrographs were taken using the S-FEG XL30 FEI
SEM operating at 5kV or the FEI Helios Nanolab 600 (dual-beam microscope) operating at 5kV
and 86 pico Ampere. Energy dispersive X-ray (EDX) data were recorded using EDX Genesis
software (FEI Company) on an electron microscope (S-FEG XL30 FEI). EDX was used to identify
chemical compounds within the area of interest.
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5

Initial Fabrication, Electrochemical Testing, and Characterization of Si-VACNT
Electrodes

The three-dimensional microfabrication technique developed for Si-VACNT electrodes
enables us to have control over the height of the electrode, the silicon loading (mass or volume),
and the total surface area. In this chapter, the results of electrochemical testing are described under
different conditions to evaluate the suitability of Si-VACNTs electrodes for use as Li-ion anodes.
In particular, the ability of Si-VACNTs to accommodate silicon volume changes upon cycling was
examined along with the manner in which the SEI forms and influences the surface morphology
and electrode integrity. Characterization tools including electron microscopy and EnergyDispersive X-ray Spectroscopy (EDX) were used to identify and, where possible, quantify the
morphological changes and surface chemistry of Si-VACNTs.
5.1 Fabrication of Unpatterned Si-VACNTs
Briefly, fabrication involves the growth of VACNTs on Si wafer substrates, carbon
infiltration to enhance structural stability, silicon deposition/infiltration and finally cell assembly.
Experimental details were described in Chapter 4. On an average, two minutes of CNT growth
yielded nanotube forests that were approximately 135±13 µm high while one minute growth
resulted in a nanotube height of 70±8 µm. The average diameter of bare CNTs was 11±1 nm
(Figure 5-1A), which is significantly less than the average space between nanotubes (~100 nm);
consequently, carbon and silicon infiltration can be varied over a wide range of thicknesses.
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Regarding carbon infiltration, the average tube diameter after one minute of infiltration was about
25±2 nm while the average tube diameter after two minutes was about 40±3 nm (Figure 5-1B).
Silicon deposition was carried out using low pressure chemical vapor deposition (LPCVD)
with silane (SiH4) gas at 535°C and 200 mTorr to produce amorphous silicon. An advantage of
amorphous silicon is that crystalline silicon tends to experience solid-state amorphization during
the first silicon lithiation cycle, which can lead to fracture and promote capacity fade [5]. Silane
decomposes according to the following reaction: 𝑆𝑆𝑆𝑆𝑆𝑆4 → 𝑆𝑆𝑆𝑆 + 2𝐻𝐻2 . At this low temperature, the
kinetic energy for each silicon atom is too low to form crystalline structure. As a result, amorphous

silicon preferably forms at temperature below 650°C [49]. The images (Figure 5-1C and D) show
that the silicon formed a uniform layer on the carbon nanotubes with an average tube diameter of
45-50 nm and 0.3±0.05 mg of silicon mass for the thinner (~1%) and an average tube diameter of
52-67 nm and 2.6±0.1 mg of silicon mass for the thicker (~10%) when CNT growth and carbon
infiltration were done for two minutes.
5.2 Baseline Performance of Initial Si-VACNT Electrodes
Since this hierarchically structured electrode allows us to control several parameters, we
will be able to address 1) how different Si loadings affect capacity retention in terms of short-term
and long-term cycling results, 2) how the SEI forms in the designed structure before and after
charge/discharge, and 3) whether the structure of VACNT provides sufficient mechanical stability
upon cycling.
First, since silicon is known for the highest specific capacity and greatest volume change
during cycling, the amount of Si loading will affect not only the cycling performance (e.g., specific
capacity of our composite electrode, capacity retention) but also the electrode integrity. Therefore,
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Figure 5-1: SEM micrographs of (A) bare CNTs, (B) after 2 minutes of carbon infiltration, (C) lightly-loaded
Si infiltration (~1% vol), and (D) heavily-loaded Si infiltration (~10 vol%). The tubes in (C) and (D) were carbon
infiltrated for two minutes.

we used silicon volume per total electrode volume before cycling to quantify the amount of silicon
in the system. Silicon volume fraction was calculated by the equation below:
Si volume

Si 𝑣𝑣𝑣𝑣𝑣𝑣% = Electrode volume =

(Si loading mass)/(Density of amorphous Si, 1.9
(height of CNT×base area of a cell)

g

cm3)

× 𝑓𝑓

where f is the correction to account for the non-uniformity of silicon deposition. The base area of
a Si-VACNT cell was 1 cm2 in a circular shape. All capacities presented were normalized by
silicon mass, excluding the estimated carbon capacity (which only accounted for ~100 mAh/g for
the 250 mA/g long cycling and much less for the various current density tests). The baseline
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performance of carbon, labeled as “0 % of silicon”, was included in Table 5-1, Table 6-1, and
Table 6-2. If not mentioned, the first charge/discharge capacities reported in this thesis were
actually from the third cycles since the first two charge/discharge cycles were treated as the
conditioning cycles, meant to stabilize the electrodes [1].

5.2.1

Si-VACNT Electrode Analysis

Figure 5-2A and C show the charge/discharge voltage vs. capacity profiles for lightly- and
heavily-loaded Si-VACNT electrodes, respectively, generated by Si-VACNT anodes after the 1st,
5th, 10th, 20th, 50th, and 70th cycles at a current density of 250 mA/g while Figure 5-2B and D are
the differential capacity vs. voltage data for the corresponding cycles. The blue arrows in the
figures indicate the increasing cycle numbers in the order of 1st, 5th, 10th, 20th, 50th, and 70th cycles.
As indicated in Figure 5-2A and B, a sharp slope was observed between 1 and 0.27 V
before going to a plateau in Figure 5-2A, which corresponds to a flat plateau in B. During this
potential range, ascribed to the formation of SEI, there was very little capacity accumulation [19,
50]. Especially, there was a small cathodic peak at ~0.7 V, which only appeared at the first cycle
and disappeared in the following cycles. A similar observation was seen in high Si-loaded SiVACNTs where there was a cathodic peak at ~0.6V in the first cycle in Figure 5-2D. Cathodic
peaks at ~0.2 correspond to the formation of metastable Li-Si based amorphous phase (a-LixSi) by
solid-state amorphization; other cathodic peaks at ~0.1V stand for the phase transition of
crystalline form of Li15Si4.
In the following 5th, 10th, 20th, 50th, and 70th cycles, cathodic peaks at ~0.2 V and ~0.05 V
were observed, suggesting the process of phase transition between a-LixSi alloys. As the cycle
proceeded, the peaks diminished gradually. The same thing was observed in both voltage vs.
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Figure 5-2: Voltage vs. capacity plots and differential capacity analysis of Si-VACNT cells. (A)(B) represent
lightly-loaded Si and (C)(D) represent heavily-loaded Si. The blue arrows indicate the increasing cycle number
and the black arrows represent the cycling direction.

capacity plots. Capacity decayed with increasing cycle numbers. Also, the capacity of the heavilyloaded electrode decayed faster than that of the lightly-loaded one, although the heavily-loaded
one had relatively higher initial capacity. This suggests that the electrode having more active
material (e.g. Si) possessed higher initial capacity but experienced faster capacity decay. The
capacity fading might be due to two possible reasons, such as 1) thicker SEI layer residing in the
Si-VACNT electrodes, leading to inhibition of Li transport and to increase of the internal
impedance [34] and 2) loss of active material due to Si-VACNT structural deformation. Further
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investigation of capacity fade was investigated by SEM and EDX characterization which will be
discussed in the Section 5.3.
5.2.2

Baseline Cycling Performance

To investigate the cycle life and capacity retention of Si-VACNT as a function of volume
fraction, electrodes with 1, 6, 8, and 15 vol% of silicon were cycled 80 times at 250 mA/g. The
results of the first cycle, some fabrication parameters and the capacity retention were summarized
in Table 5-1. The baseline performance of the VACNT electrode was included for the purpose of
calibrating the specific capacity of the Si-VACNT electrodes. The infiltrated carbon was a type of
thermal carbon and did not have a high specific capacity compared to other carbonaceous materials
used in LIBs. Since carbon has much less specific capacity than that of silicon, we expect that the
ecific capacity of the Si-VACNT electrodes will be contributed mainly from silicon. We treated
the infiltrated carbon as a reinforcement to the Si-VACNT electrodes, which will be discussed
more in Section 5.3.1.
Based on the results shown in Table 5-1 and Figure 5-3A, it was observed that: 1) the initial
specific capacity decreased as the silicon loading increased, but the initial Coulombic efficiency
(CE) values increased with increasing silicon loadings; 2) the CE values of the 15 vol% electrode
varied more than the other three; 3) the electrodes infiltrated with thermal carbon had better
capacity retention; 4) electrodes having more silicon faded quickly. In Figure 5-3B, the lightlyand medium-loaded electrodes had more stable capacity retention and increasing CE while some
CE values of the heavily-loaded electrodes went over 100%. CE values exceeding 100% may be
due to very low capacity and the lack of accuracy. The low CE values is an indicator of irreversible
capacity loss. From these observations, the irreversible capacity loss might be due to the
continuous SEI formation on the electrodes surface, causing the consumption of Li and the
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increased internal resistance of the electrode [34]. Also, an electrode with high silicon loading is
prone to degrade more because it has higher surface area between the electrolyte and the electrode
than that of a lightly-loaded sample, which also means that it does not have adequate room for
silicon volume changes. This will be further discussed in Section 5.3.2 (Figure 5-5). Regarding the
presence of thermal carbon, the accumulation of SEI products on the electrode’s surface and silicon
volume changes might lead to electrode structural changes, which could probably explain why the
electrode without infiltrated carbon decayed faster.

Table 5-1: Initial cycling results of Si-VACNT electrodes with various silicon loadings

0%
1%
6%
8%
15%

1st
Charge
capacity
(mAh/g)

1st
Discharge
capacity
(mAh/g)

254.6
2832.0
2122.7
2039.7
2096.8

240.2
2590.9
1982.2
1982.3
2029.6

1st
Coulombic
efficiency
(%)
94.4
91.49
93.38
97.18
96.80

Electrode
height
(µm)

C
infiltration
time
(minute)

150
156
200
135
197

2
2
0
2
0

Capacity retention
first 15
cycles
n/a
85.5
82.7
86.2
63.0

first 30
cycles
92.6
74.3
60.9
81.0
11.8

after 50
cycles
93.8
65.8
47.3
64.8
2.8

after 80
cycles
95.4
59.0
34.6
51.8
0.0

Next, in order to compare the results of Si-VACNT electrodes cycled at various current
densities, the data of capacity vs. cycle number were plotted in Figure 5-3C. The current densities
were from 1.25 A/g, 1.8 A/g, 2.5 A/g, 3.75 A/g, 5A/g, and went back to 250 mA/g. All electrodes
were pre-cycled twice prior to being cycled at various current densities. Among the three
electrodes, the electrode with 2 vol% of silicon did not have infiltrated carbon.
In a battery cycle, as the charge/discharge current density increased, the capacity dropped
due to greater IR and polarization losses. Polarization losses are due to a current passing through
the electrode, accompanying the electrochemical reaction. Polarization losses include 1) activation
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polarization, which is the driving force for the electrochemical reaction to occur on the electrode
surface and 2) concentration polarization, which is the concentration gradients of the reactants and
products at the electrode surface and in the bulk. IR losses come from the internal resistance of the
electrochemical cell when a voltage drop occurs during operation, which is proportional to the
current in the system according to Ohm’s law (V= IR). The total internal resistance of an
electrochemical cell includes the ionic resistance of the electrolyte, the electronic resistance, and
the contact resistance between the electrode and the current collector. Both polarization and IR
losses consume part of the available energy stored in an electrochemical cell as waste heat. The
relationship of the equilibrium potential, the operating potential and the polarization can be
summarized in the equation below [51]:
𝑈𝑈 − 𝑉𝑉cell = 𝜂𝜂 = 𝜂𝜂Ohmic + 𝜂𝜂positive + 𝜂𝜂negative + 𝜂𝜂conc.

where U is the equilibrium potential, Vcell is the operating potential, and 𝜂𝜂 is the polarization. It is

only at very low operating currents where the polarization and IR losses become small and can be
probably ignored. When the operating potential of a cell deviates away from the equilibrium
potential at a higher current density, it causes the cell to reach the cut-off potential more quickly.
Thus, the battery cell will have less capacity than the theoretical value.
According to the cycling results in Figure 5-3C, as the silicon loading increases, capacities
decayed more rapidly. The lightly-loaded Si-VACNT electrodes had more stable capacity
retention at each current density as compared to that of the 7 vol% of Si-VACNT electrode. Also,
the high current densities had less impact on the lightly-loaded electrodes whereas the capacity
decay of the 7 vol% of Si-VACNT electrode varied more from one current density to the other.
The capacity retention after the various current densities was 97.7% for 1 vol%, 86 vol% for 2%,
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and 90.7% for 7 vol% Si-VACNT electrodes. These rate performance data will be used as a
reference point as a comparison with the electrodes having an encapsulation layer.
5.3 Characterization of Initial Si-VACNTs
5.3.1

Impact of Carbon Infiltration on Si-VACNT Structural Integrity

Initially, Si was directly infiltrated into bare VACNTs for fabricating battery cells, but this
process required extra care. For instance, to remove the Si-VACNTs from the silicon wafer
substrate after silicon infiltration involved using aqueous hydrofluoric acid (HF) to etch away
alumina oxide layers which were deposited prior to CNT growth. The issue with HF etching is that
it is a highly corrosive chemical and, on an average, only 15-20% yield was obtained when using
HF to remove Si-VACNTs from silicon substrates. Hence, the alternative method was to infiltrate
VACNTs with carbon to reinforce the structure and remove them from the substrates prior to
silicon deposition. The advantages included higher yield (~99%) and safer/easier handling
instructions.
In addition, a problem was observed when cycling Si-VACNT electrodes with no carbon
infiltration. Figure 5-4 shows the SEM images of Si-VACNT electrodes without carbon infiltration
before (A) and after (B, C) cycling in comparison with a Si-VACNT electrode with carbon
infiltration after 154 cycles (D). All the electrodes in Figure 5-4 had similar heights. The cross
section of electrodes without carbon infiltration had significant structural deformation whereas the
one with carbon infiltration and higher silicon volume fraction still had no deformation on the
cross-section. This suggests that adding carbon infiltration prior to silicon deposition reinforced
the structure stability throughout long cycles.
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Figure 5-3: Cycling performance of Si-VACNT electrodes with various silicon loadings. (A) represents long
cycles at 250 mAh/g with Coulombic efficiency values shown in (B). (C) represents cycles at various current
densities as labeled. All electrodes had similar heights.
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Figure 5-4: SEM micrographs of initial Si-VACNTs electrodes with and without carbon infiltration. (A) An uncycled Si-VACNT electrode after silicon deposition. The thickness of the electrode was about 130 µm; (B) A SiVACNT electrode without carbon infiltration after 55 cycles at 250 mA/g (~2% vol Si, electrode thickness: ~135
µm); (C) Another Si-VACNT electrode without carbon infiltration after 54 cycles at various current densities
(~2% vol Si, electrode thickness: ~132 µm); (D) A Si-VACNT electrode with one minute carbon infiltration that
was cycled 154 times (~7% vol Si, electrode thickness: ~133 µm).

5.3.2

SEM and EDX Characterization

To understand the capacity decay from either silicon volume expansion or SEI layer buildups, un-cycled and post-cycled Si-VACNTs were characterized using SEM as shown in Figure
5-5, where A, B, and C are un-cycled images and D, E, and F are post-cycled images. Figure 5-5A,
B, D and E were ~1 vol% of Si while C and F were ~8%. Un-cycled Si-VACNTs (B and C) had a
uniform coating on each VACNT. Post-cycled cells were all cycled 100 times and were imaged in
the discharged state. After 100 cycles, the morphological changes on the top surface and the top
cross-section for 1 vol% of Si did not change too much but were significantly different for heavily37

loaded Si-VACNTs (Figure 5-5E and F). The boundary between each Si-VACNT was still seen in
the 1 vol% cell (Figure 5-5E). For the 8 vol% Si-VACNT electrode (Figure 5-5F), it was seen
clearly that the original Si film on each Si-VACNT coalesced into a flocculent structure which was
called “electrochemical sintering.” [52].

Figure 5-5: SEM micrographs of non-cycled Si-VACNTs (A)-(C) and post-cycled Si-VACNT cells (D)-(F). (D)
and (E) were a lightly-loaded (1 vol% of Si) cell and (F) was a heavily-loaded (~8 vol% of Si) cell that failed
after 20 cycles. All the post-cycled Si-VACNT cells were cycled 100 times at 250 mA/g and images were taken.

Along with the micro-scaled structural change of the post-cycled Si-VACNTs, macroscaled structural changes were also observed during cell disassembly as shown in Figure 5-6.
Electrode disintegration was seen for heavily-loaded Si-VACNTs (~8 vol% and 12 vol% of Si)
(Figure 5-6A and B) but was not found for lightly-loaded ones (< 5 vol% of Si). A SEM image of
a piece of the electrode with 7 vol% of Si is shown in Figure 5-6C. This indicates that at least two
possible failure mechanisms governed the structural changes, which might be from SEI layer
build-up or from the silicon volume expansion, especially for heavily-loaded samples.
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Figure 5-6: Electrode disintegration images of (A) ~8 vol% of Si, (B)~12 vol% of Si, and (C) a SEM image of
~7% vol% of Si.

To further investigate what caused the structural changes, we removed the SEI from postcycled Si-VACNT cells and examined them using SEM and EDX. A comparison between the preSEI-removal and post-SEI-removal sample is shown in Figure 5-7. The left column represents uncycled Si-VACNTs of ~9 vol% of Si, the middle column represents a post-cycled Si-VACNT
electrode of ~8 vol% of Si after 200 cycles at 250 mA/g and the right column represents the same
electrode after SEI removal. The first row is the top-surface view and the following rows are the
top, middle, and bottom cross-section views, respectively. The morphological changes of these
electrodes had a great contrast before and after SEI removal. The electrode structure became more
porous and rougher after SEI removal, which proves that SEI did take up void space in the
electrode. However, it was also noticed that the electrode after SEI removal still had different
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morphology than the un-cycled Si-VACNT electrodes. Several possible causes might contribute
to this, such as silicon volume change and loss of silicon during cycling.
In addition, the EDX spectrum data, shown in Figure 5-9 for before-cycled Si-VACNTs
and in Figure 5-9 for after-cycled Si-VACNTs before SEI removal, indicate that oxygen wt% had
increased about five times more after cycling along with the presence of fluorine and phosphorous
peaks in EDX spectrum. It is obvious that solid-electrolyte interphase formed in the Si-VACNT
forests because of the compounds: LiCO3, LiF, LixPFy, and LixPFyOz [19]. Hence, it is believed
that the Si-VACNT electrodes were covered with SEI products after long cycling, which might
explain why there were irreversible capacity losses throughout the cycling. The VACNT nanostructure provided good electrical conductivity through the vertically aligned carbon nanotubes
and robust mechanical stability; but, at the same time, the nano-structure also introduced high
surface area between the electrolyte and the electrode, which exacerbated the SEI formation issue.
Thus, further surface treatment is needed to mitigate the SEI problem.
5.4 Patterned Si-VACNTs
As just mentioned in Section 5.3, the post-cycling characterization of Si-VACNT
electrodes had shown that the SEI formation filled up the Si-VACNT forests, which led to capacity
fade and structural changes of the electrodes. Hence, modification of electrode design is needed to
solve these issues. The microfabrication technique enables one to pattern VACNT electrodes. The
purpose of adapting patterned Si-VACNTs is to exploit the advantage of micro-sized channels to
facilitate Li ion transport laterally during cycling. The micro-channels were 10 microns in diameter
and 10 µm apart from each other as shown in Figure 5-10. Cycling performance includes different
C-rates and low rate cycling to compare with unpatterned Si-VACNT cells.
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Figure 5-7: SEM micrographs of an un-cycled electrode (left column), a post-cycled electrode before (middle
column) and after (right column) SEI removal. The top row is top-surface views and the following rows are
top, middle, and bottom cross-section views, respectively.
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Figure 5-8: EDX spectrum data of un-cycled Si-VACNT: (A) top cross-section, (B) middle cross-section, (C)
bottom cross-section. (D) is the SEM micrographs of an entire cross-section of an un-cycled Si-VACNTs.

5.4.1

Cycling Performance of Patterned Si-VACNTs

The charge/discharge voltage vs. capacity profile for the first cycle (Figure 5-11A) for the
patterned Si-VANCTs shows that there were three plateaus, one occurring at 0.7-0.8V and
accumulating until 2,300 mAh/g, the second starting at ~0.21V and the last one at ~0.05V, that
corresponds to the cathodic peaks shown in Figure 5-11B. The main peaks observed at ~0.21 V
and ~0.05 V in the differential capacity plot are similar to the amorphous Si-Li alloy process in Sibased electrodes as described in Section 5.2. The peak at ~0.7 V in Figure 5-11B was ascribed to
the capacity contributed from carbon nanotubes [46] as well as SEI formation because this peak
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Figure 5-9: EDX spectroscopy data of Si-VACNTs before SEI removal on the top surface (A), top cross
section (B), middle cross section (C), and bottom cross section (D). The sample was at discharged state.

Figure 5-10: SEM micrographs of patterned Si-VACNTs: (A) top view and (B) cross-section view.
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Figure 5-11: 1st, 2nd, 5th, 10th, 20th, 30th, and 40th cycling behavior of patterned Si-VACNTs: (A)
charge/discharge voltage vs. capacity profile with inset an extension of the 1st cycle in (A) and (B) differential
capacity. The red arrows in (B) indicate the increasing cycle numbers and the blue arrows are the cycling
direction.

did not appear in the following cycles. Although carbon nanotubes contributed to a small portion
of the total capacity due to their light mass (~0.5 mg in patterned Si-VACNT electrodes), silicon
contributed most of the capacity and thus the peak at ~0.7 V was more likely to be from the SEI
formation. The anodic peaks at ~0.3 and ~0.5V correspond to the differential capacity plot of Sibased electrode, where the de-alloying of amorphous Li-Si takes place.
Patterned Si-VACNTs electrodes were less dense than unpatterned ones because of the
embedded micro-channels if both electrodes were normalized by the same height. Based on our
calculation, the total volume of a patterned Si-VACNT was only ¾ of the unpatterned one. That
is, with the same Si mass loading and Si-VACNT height, the density of the patterned Si-VACNT
was less dense than the unpatterned. Also, when normalizing the specific capacity, mass of the
active material in the electrode is used more frequently. Instead of using silicon volume fraction
to compare, silicon loading mass is considered a better way to demonstrate the difference between
unpatterned and patterned Si-VACNTs.
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Here, Figure 5-12A and B present the cycling results and Coulombic efficiency (CE) of
patterned and unpatterned cells cycled at 250 mA/g for 30 times. The capacity fading seems similar
between the unpatterned and the patterned. Un-patterned CEs are slightly higher than the patterned
ones. In Figure 5-12A, the navy blue curve (0.4 mg patterned) had a jump at the 24th cycle due an
accidental change to a lower current density. CE is a way to determine if micro-channels facilitate
lithium transport from sides as it represents the ratio of delithiation capacity to lithiation capacity.
If micro-channels did facilitate ion transport, lithium can easily enter/leave the electrode prior to
forming SEI and thus CE values should be more steady and higher than the un-encapsulated. The
results shown in Figure 5-12B did not show a high CE for patterned Si-VACNTs. In fact, the

Figure 5-12: short-term cycling results of patterned/un-encapsulated Si-VACNTs: (A) charge capacities vs.
cycle number and (B) Coulombic efficiency.

observed CE values were actually lower than those observed for unpatterned electrodes. There was
an outlier of the 0.4 mg patterned electrode, whose CE value was higher than 100%. This abnormal
behavior might have been due to the accidental switching of current densities. Thus far, patterned
Si-VACNTs were not superior to the unpatterned electrodes in terms of capacity and CE values.
There may be other reasons, including the interference of SEI products and silicon volume changes.
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5.4.2

Post-Cycling Characterization

Patterned Si-VACNT cells that underwent 200 cycles demonstrated a very interesting
morphology on top of the micro-channels. In comparison with the un-cycled patterned cells
(Figure 5-13A), the top surface (Figure 5-13B) and cross-sectional (Figure 5-13C) views were
significantly constricted. The reasons might be due to silicon expansion and by-products from the
irreversible reaction at the electrolyte-electrode interphase. To further confirm which factor caused
he reduction in the channel diameter at the top, post-cycled cells with and without SEI-removal
treatment were examined by scanning electron microscope and EDX. The black area or layer,
indicated by the red arrows in Figure 5-13D and D, was not seen in short-term cycles. EDX
analysis confirmed that the black layer contained mainly SEI products. Specifically, the fluorine
content in that area was 30% by weight, whereas a typical top cross-section contained only about
t 3% fluorine. One possible reason might be that the electrolyte did not penetrate completely during
cell assembly.
To further investigate the channel constriction issue, the SEI was removed from postcycled patterned samples. If the constricted channel was still there after the SEI-removal treatment,
then it follows that other factors than the SEI contributed to the constriction. The morphology of
patterned Si-VACNTs before and after the SEI-removal treatment of the same electrode was quite
different (Figure 5-14A and B). The micro-channels were seen again after the SEI-removal
treatment and the fluorine content was not defected compared to 15 wt% of fluorine before the
SEI-removal treatment (Figure 5-13C and D). This indicated that the channel constriction was due
to SEI formation. In Figure 5-14E and F, the SEM images show an electrode without carbon
infiltration before and after the SEI removal treatment. The structure seems to collapse and was
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Figure 5-13: SEM micrographs: (a) un-cycled patterned Si-VACNTs, (b) top view of patterned Si-VACNTs
after 100 cycles at 250 mA/g and was imaged at discharged state, and (c)(d) top cross-sectional view of
clogged micro-channels of a discharged sample. The red arrows indicate the black area formed on top of the
electrode surface.

difficult to identify where the top surface was. This might imply one important thing—carbon
infiltration is capable of reinforcing the electrode structure.
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Figure 5-14: SEM micrographs and EDS data of post-cycled patterned Si-VACNTs: (A)(C)(E) are before SEI
removal and (B)(D)(F) are after SEI removal. Image (A) and (B) were from the same electrode before and after
SEI removal so were image (E) and (F). The difference between these two was that the electrode in image (A)
and (B) were infiltrated with carbon before depositing silicon whereas the electrode in image (E) and (F) did
not have carbon infiltration.
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5.5 Conclusion
This highly-structured electrode allowed us to investigate the cycling performance of nanostructured silicon with various volume fractions of Si while using the advantages of verticallyaligned carbon nanotubes as the template. According to the cycling performance and post-cycling
characterization, we were able to address the questions mentioned in Section 5.2. First, we studied
how different Si loadings affect capacity retention in terms of cycling results. It was observed that
as the silicon loading increased, the initial capacity decreased slightly and decayed more quickly
after 20 cycles than that of the lightly-loaded Si-VACNT electrodes. The irreversible capacity loss
at each cycle might be from the continuous SEI formation [34] because the Si-VACNT structure
introduced more interfacial area between the electrolyte and the electrode surface.
Second, from the post-cycling SEM characterization, Si-VACNT electrodes presented
significantly different surface morphology after long cycling, especially for heavily-loaded
samples. Even after SEI removal, the structure became porous and rough as opposed to un-cycled
Si-VACNT electrodes. This leads to the third question that if this Si-VACNT structure supports
the mechanical stability upon cycling. The answer is yes for the lightly-loaded but no for the
heavily-loaded samples because we observed cell disintegration of heavily-loaded samples during
cell disassembly. Putting together these results of cycling performance and post-cycling
characterization suggests that there should be quite a large amount of SEI formation in the SiVACNT electrodes due to the high interfacial area between the electrolyte and the electrode. Too
much SEI products residing in the electrodes will eventually impact the capacity fading leading to
the irreversible capacity loss.
On the other hand, to facilitate lithium transport, micro-channels were embedded in SiVACNT electrodes. Based on the cycling results and SEM characterization, patterned Si-VACNT
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electrodes did not seem to effectively impact ion transport because the CE values and capacities
did not exceed the un-patterned Si-VACNTs with similar silicon loading mass. This might be
because the cycling rate was too low to see an effect. In addition, the channel constriction at the
top of the patterned electrodes was observed. The results of the EDX scan and SEI removal method
indicated that it was SEI formation that constricted the top channels of the patterned electrode.
Further surface treatment on the patterned electrodes is required to utilize the features of the microchannels.
Both the un-patterned and patterned Si-VACNT electrodes have shown that SEI formation
plays a critical role in controlling the cycling performance and electrode integrity. Since SEI
formation competes with the primary lithiation/de-lithiation reaction in the electrode, it is
necessary to modify the electrode surface in order to mitigate the amount of SEI formed in the SiVACNT forests. The next chapter will discuss a surface modification used to reduce the interfacial
area between the electrolyte and the electrode while using the features of the VACNTs to maintain
structural stability and electrical conductivity.
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6

Surface Chemistry and Solid-Electrolyte Interphase of Encapsulated Si-VANCTs

In the previous chapter, we learned that Si-VACNT electrodes underwent significant
structural changes as a result of cycling. The SEM images and EDX data also indicated that the
Si-VACNT forests were filled with SEI after cycling. Hence, in order to mitigate and stabilize SEI
formation, a technique was developed to reduce the interfacial area between the electrode and the
electrolyte by depositing an encapsulation layer on Si-VACNT electrodes. Ideally, the
encapsulation layer only allows Li to pass through and keeps the electrolyte solvent from reacting
with Li to form SEI products on the silicon anode. In this chapter, the results of fabrication,
electrochemical testing, and characterization of encapsulated electrodes are demonstrated.
6.1 Fabrication of Unpatterned/Encapsulated Si-VACNTs
Before successful deposition of an encapsulation layer, it was necessary to address issues
that inhibited further electrode fabrication due to surface roughness and large void spaces between
VACNTs as shown in Figure 6-1A. In order to overcome these surface issues, we developed a
two-step encapsulation process, namely use of carbon nanotube spray (CNT spray) [53] followed
by carbon deposition via plasma-enhanced chemical vapor deposition (PECVD). The first step
(CNT spray) enabled to smooth the top surface and reduce the void spaces between VACNTs. The
CNT-spray process was carried out on a hot plate at 300°C and ambient pressure. The experimental
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apparatus and details of the spraying process are described in Section 4.1.3.1. As seen in Figure
6-2B, after spraying, the top surface became smoother and was covered fully with CNTs. The total
mass of CNTspray deposited was about 0.15±0.05 mg as measured by an electronic balance before
and after the spray; the thickness was approximately 250-300 nm as measured by SEM and Atomic
Force Microscopy (AFM). The AFM data are included in Appendix B. The second step was to
encapsulate the electrode surface by depositing PECVD carbon. Figure 6-1C and D show the top
surface and a side wall of a Si-VACNT sample after the PECVD encapsulation process. The
deposition was performed at a pressure of 1 Torr at room temperature for 45 minutes. The resultant
total mass of PECVD carbon was 0.12±0.03 mg per electrode and the average layer thickness was
300±10 nm. From Figure 6-1C and E, the PECVD appears to have encapsulated the top surface.
In addition, encapsulation of the side walls was also observed based on the SEM images (Figure
6-1D and F).
6.2 Cycling Performance of Encapsulated Si-VACNT Electrodes
6.2.1

Impact of Various Si Loadings

Figure 6-2 represents the voltage vs. capacity and differential capacity plots of lightlyloaded Si (Figure 6-2A and B), medium-loaded Si (Figure 6-2C and D) and heavily-loaded Si
(Figure 6-2E and F) samples. The voltage vs. capacity plots show that the capacity of the lightlyloaded encapsulated Si-VACNT electrode remained the most stable after 70 cycles. The
differential capacity data of the lightly-loaded Si electrodes appeared different than the other two,
where the shoulders of charging and discharging curves were broader compared to those of the
medium- and heavily-loaded electrodes. This observation was not seen in Figure 5-2B, where the
unencapsulated Si-VACNT electrodes (unencapsulated electrodes denoting those electrodes
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Figure 6-1: SEM micrographs of (A) top view of unpatterned Si-VACNTs, (B) top view of Si-VACNT after
CNT spray, (C) PECVD layer with CNT spray underneath, and (D) side view of Si-VACNTs after PECVD
encapsulation.
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Figure 6-2: Voltage vs. capacity and differential capacity plots of lightly-loaded Si (A, B), medium-loaded Si
(C, D) and heavily-loaded Si (E, F) of the 1st, 5th, 10th, 20th, 50th, and 70th cycles. Blue arrows show the cycling
direction and red arrows show the preceding cycles.

54

introduced in Chapter 5) had two peaks at 0.3 V and 0.5 V during the discharging process. The
differential capacity of the lightly-loaded encapsulated electrodes looked similar to that of the
encapsulated VACNT electrodes (samples without Si deposition, see Appendix A), where they
both had wide shoulders of charging and discharging curves. It is unknown if those curves have
something to do with the encapsulation layer or the high carbon to silicon mass ratio (this might
be a problem for the lightly-loaded Si-VACNT electrodes).
As the charge/discharge cycle proceeded, there were some peaks (peaks at ~0.05V and
~0.17V for charging; ~0.34V and ~0.6V for discharging) that were observed to shrink gradually
with the subsequent cycles. From the literature, the shrinking peaks come from irreversible
capacity losses due to SEI formation and battery aging [54]. In addition, the Si-Li alloying peak
shifted from 0.2 V (unencapsulated, Figure 5-2B, D) to ~0.17V (encapsulated, Figure 6-2D, F) as
seen in the medium- and heavily-loaded electrodes. This is because the solid/electrolyte interface
were different. Namely, the interface was Si/electrolyte for the unencapsulated and it was
carbon/electrolyte for the encapsulated. The magnitude of peak-shift was the same, but the peak
location was different from what Ng et al. reported [55], in which they mentioned that the peak
shifted from 0.12 V to 0.09 V. In their work, they used a spray-pyrolysis technique to coat nanosized silicon particles and applied less current density (100 mA/g) with wider potential window
(0.02 – 1.2 V), which might explain the discrepancy.
To examine the impact of encapsulation on the cycling performance of the Si-VACNT
electrodes, encapsulated Si-VACNTs electrodes with various silicon loadings were cycled at a low
current density, 250 mA/g (~C/10), or at various current densities. The cycling results for 80 cycles
at 250 mA/g and for 54 cycles at various current densities are summarized in Table 6-1 and Table
6-2, respectively and plotted in Figure 6-3 and Figure 6-4.
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The specific capacities were normalized by the silicon mass. Given the substantial amount
of carbon in some of the electrodes, the contribution of carbon to the capacity was estimated and
subtracted out. The baseline performance of the VACNT electrodes (without silicon) are also
included in Table 6-1 and Table 6-2 for the purpose of calibrating the specific capacity of the SiVACNT electrodes. Both Table 6-1 and Table 6-2 include the first charge and discharge capacities
along with Coulombic efficiency (CE) values, electrode heights and capacity retention
percentages. The carbon to silicon mass ratio was also calculated for each sample.
Encapsulated cells cycled at 250 mA/g are compared in Figure 6-3, which considers the
first 20 cycles. The encapsulated electrodes listed in Table 6-1 were selected because they met the
criteria, which considered the resistance prior to cycling (less than 40 Ω) and the capacity fading
rate (e.g., still remaining 30% after 30 cycles). If the pre-cycled resistance in a cell is too high, it
will definitely affect the consequent cycles since other components (e.g., SEI formation) create
internal resistance during cycling as well. Capacity fading rate is a way to determine if a battery
cell performs well in a cycling. It is observed from Table 6-1 that the lightly-loaded electrodes had
the most stable capacity retention, which was close to that of the 0 vol% sample. The high carbon
to silicon mass ratio might be a factor for stable cycling. As the silicon loading increased, the
capacity fade rate also increased. Regarding the Coulombic efficiency (CE) values, when the
electrodes had a stable cycling, the CE values stayed stable too. When the capacity started to fade
significantly, the CE values had high variability (see Figure 6-3B).
In terms of rate capability at various current densities, electrodes were cycled at various
current densities (250 mA/g, 1.25 A/g, 1.875 A/g, 2.5 A/g, 3.75 A/g, and 5 A/g) 54 times. The first
cycling data are summarized in Table 6-2 and all the data are plotted in Figure 6-4. All electrode
cells were cycled 10 times at each of the five designed current densities, followed by two final
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cycles at 250 mA/g. The specific capacities were normalized by the silicon mass after deducting
the estimated carbon capacity. As depicted in Table 6-2, the electrodes having two minutes of
carbon infiltration were those which had lightly-loaded silicon. The lightly-loaded electrodes had
better capacity retention after various current densities, although their initial charge/discharge
capacities were slightly lower than those of the group having one minute of carbon infiltration and
heavily-loaded Si. Based on the observations, silicon loading and/or the carbon amount play a role
in the cycling results. The more silicon loading an electrode had, the more likely it would
experience great silicon volume changes, which caused electrode structural changes and lead to
capacity fade. Although the carbon capacity is only one tenth of the Si capacity, the high carbon
to silicon mass ratio (e.g. 20:1) would level out the contribution of the silicon capacity. More
replicates are needed to answer this question.
The results from Figure 6-4A illustrate that the lightly-loaded electrodes show a similar
pattern based on the amount of silicon. As the silicon loading increased, the capacity dropped more.
The CE values increased as the current density was raised, reaching close to 99% at 5 A/g. The

Table 6-1: Summary of capacities and Coulombic efficiency of encapsulated Si-VACNT electrodes with
various Si loading cycled at 250 mA/g.

0%
1%
8%
12%
13%

M67
M82
M86
M99
M85

1st
Charge
capacity
(mAh/g)

1st
Discharge
capacity
(mAh/g)

438.2
1888.3
2003.9
2227.2
1822.3
1688.6

123.7
1728.5
1895.9
2114.0
1753.2
1544.9

CE
(%)
28.24
91.54
94.61
94.92
96.21
91.49

Electrode
height
(µm)

C
infiltration
time
(minute)

150
83
139
75
126
76

2
2
2
2
1
2

57

C/Si
ratio

n/a

18
1.8
1.1
0.7
1.0

Capacity retention
first
15
cycles
92.6
93.6
60.8
50.5
77.7
52.7

first
30
cycles
93.8
92.3
31.0
29.8
52.8
33.3

after
50
cycles
95.4
90.8
0.7
23.8
41.2
22.0

after
80
cycles
n/a
89.6
0.0
11.0
10.0
14.0

Figure 6-3: Cycling results of encapsulated Si-VACNT electrodes cycled at 250 mA/g. CC stands for charge
capacity, DC stands for discharge capacity, and CE stands for Coulombic efficiency.

capacity retention percentages of the lightly-loaded electrodes were much better than those of the
heavily-loaded ones, indicating that the encapsulated Si-VACNT electrodes with lightly-loaded
silicon were almost fully recovered to their initial capacity after cycling at various high current
densities. Again, it was observed that even for two electrodes having the same silicon volume
fraction but different carbon infiltration time, there was a variation between them, which might
indicate that the amount of carbon impacts the cycling results to some extent. On the other hand,
the heavily-loaded group had a similar pattern as the lightly-loaded group, except for the sample
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with 5 vol% of Si. The sample with 5% had the highest initial charge/discharge capacity and also
met the criteria of a good cell, but the performance did not seem to maintain capacity well, which
might be due to some internal resistance building-up during cycling.
According to the cycling results at a low rate and at various high current densities, lightlyloaded encapsulated Si-VACNT electrodes performed more stably than the heavily-loaded ones.
The heavily-loaded electrodes still seemed to fade significantly, even when cycled at a low current
density. The capacity loss in the encapsulated electrodes was different from that of the
unencapsulated ones because the encapsulation layer served to prevent the electrolyte solvents
from forming SEI inside the Si-VACNT electrodes. Thus, irreversible capacity losses in the
encapsulated electrodes is believed to come from a failure mechanism other than the SE formation.
Further SEM and EDX characterization on those encapsulated electrodes is needed to analyze the
capacity fading issue and will be discussed in the next section.

Table 6-2: Summary of capacities and Coulombic efficiency of encapsulated Si-VACNT electrodes
with various Si loadings cycled at different current densities.
The capacity retention was calculated after 54 cycles.
1st Charge
capacity

0%
1%
2%
3%
5%
6%
8%
9%

M73
M75
M92
M93
M114
M109
M100
M98

(mAh/g.total)
418
2289.9
1688.6
1706.5
1352.2
2619.1
2450.7
2547.5
2080.6

1st
Discharge
capacity
(mAh/g.total)
103
1950.9
1447.5
1477.9
1185.7
2543.2
2288.2
2392.9
1920.2

Coulombic
efficiency

Electrode
height

(%)

(µm)

24.54
85.20
85.73
86.61
87.69
97.10
93.37
93.93
92.29
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140
132
135
144
194
149
65
144
140

Carbon
infiltration
time
(min)
2
2
2
2
2
1
1
1
1

C/Si
ratio
n/a

12.5
7.0
4.1
3.0
1.3
1.6
1.0
0.9

Capacity
retention
91.9
91.1
89.1
87.0
99.1
80.9
82.9
82.8
83.7

Figure 6-4: cyclability of encapsulated Si-VACNT with various silicon loadings. (A) is lightly-loaded
electrodes and (B) is heavily-loaded electrodes. CC stands for charge capacity and CE stands for Coulombic
efficiency.

6.3 Solid-Electrolyte Interphase Characterization
6.3.1

SEM and EDX Characterization

Post-cycled encapsulated electrodes were examined by SEM and EDX and compared with
the unencapsulated electrodes to answer: i) how the morphology differs from the unencapsulated
electrodes, ii) how effective the encapsulation layer is to mitigate the SEI problem in the un-
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encapsulated Si-VACNTs mentioned in Chapter 5, and iii) if SEI formation is the primary failure
mechanism of electrode degradation.
The morphological differences due to electrode cycling were examined by imaging
electrodes with ~8 vol% of silicon (encapsulated and unencapsulated) before and after cycling as
shown in Figure 6-5. Those post-cycled electrodes underwent long cycles at 250 mA/g but failed
after 20 cycles. Upon completion of cycling, the post-cycled electrodes were rinsed with ethylene
carbonate prior to the microscopic examination in order to wash away any residual electrolyte. As
seen in Figure 6-5D to I, even after failure at the 20th cycle at 250 mA/g, there was a significant
difference between the encapsulated and the unencapsulated electrodes. The surface morphology
along the cross section of the encapsulated electrodes did not differ too much from the uncycled
electrodes. A significant morphological difference between the encapsulated and the
unencapsulated electrodes was observed. This was likely due to SEI formation, which was present
in the unencapsulated electrodes, but was prevented from forming by the encapsulation layer in
the encapsulated electrodes. However, the chemical compositions were needed to validate this
assessment.
To further investigate the chemical compositions along the cross sections, EDX was used
to perform an elemental analysis of the post-cycled samples. The primary SEI composition consists
of LiF and Li2CO3; therefore, the oxygen and fluorine contents are indicators for the presence of
SEI [19, 29]. Figure 6-6A and B show the EDX data for electrodes with silicon volume fractions
of 8% and 12%. The results show that the encapsulated electrodes have much less fluorine content
(up to ~95% less) than the unencapsulated ones for both silicon loadings, suggesting that the
PECVD encapsulation layer is capable of reducing the SEI formation in the Si-VACNT forests.
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Figure 6-5: SEM micrographs of uncycled Si-VACNT (A, D, and G), post-cycled encapsulated Si-VACNT (B,
E, and H), and post-cycled unencapsulated Si-VACNTs (C, F, and I). The top row is the top cross sectional
view, the middle row is the middle cross sectional view, and the bottom row is the bottom cross sectional view.
Both post-cycled cells had been through 100 charge/discharge at 250 mA/g. The silicon volume fractions are
~10% for the un-cycled, ~11% for the encapsulated, and ~12% for the unencapsulated.

In addition, the top surface of the encapsulated cells had a slightly higher fluorine content
compared to deeper cross sections, which might indicate that SEI formation was more likely to
form on the encapsulation layer. Transmission electron microscopy (TEM) data of an encapsulated
Si-VACNTS sample having 12 vol% silicon also indicated no presence of SEI formation on the
cross section surface by a line scan (Figure 6-6C and D) and EDX spectrum (Figure 6-6E and F).
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In Figure 6-6C, the line scan results indicated no detectable fluorine was present and the oxygen
and silicon contents traced each other across the line. In Figure 6-6E, the EDX data from TEM
showed no detectable fluorine peak (usually at ~0.7 keV). The TEM data again confirmed that no
significant SEI formation was found on the encapsulated samples and the oxygen content came
primarily from silicon oxides. It is observed that the PECVD encapsulation layer did protect the
Si-VACNTs from exposure to the electrolyte solvents and thus SEI formation was reduced in the
Si-VACNT forests. This explains why the morphology inside the encapsulated electrodes did not
differ too much from that of the uncycled electrodes (Figure 6-5).
6.3.2

Structural Integrity

In the previous section, we examined the post-cycled electrodes and found out that the
morphological changes along the cross section were different between the encapsulated and
unencapsulated electrodes. Later analysis proved that the encapsulation layer did keep the
electrolytes from forming SEI inside the Si-VACNT forests. However, we observed electrode
disintegration of heavily-loaded samples (Figure 6-8C and D) when cells were disassembled; in
contrast, the lightly- loaded and some of the medium-loaded encapsulated samples remained intact
(Figure 6-8A and B). This observation was also seen in the unencapsulated heavily-loaded
electrodes (Figure 5-6). There are two possible causes of electrode disintegration— 1) it occurs as
a result of cell assembly/disassembly and/or 2) it occurs during cycling. To validate if the electrode
degradation came from assembly/disassembly, Si-VACNTs cells (~150 µm in height) that were
assembled and disassembled without being cycled had showed no electrode degradation. This
indicates that the primary cause of electrode disintegration is due to some other failure mechanism
(e.g., SEI build-ups or silicon volume changes) during electrochemical cycling.
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Figure 6-6: (A) and (B) are EDX data (atomic weight percentage) for unencapsulated and encapsulated SiVACNTs along the cross sections, respectively. (C) is the line scan data showing the contents of carbon,
oxygen, and silicon across a line scan, the orange line in (D). (E) is the EDX data from TEM to show the
element detected on the area scanned (F). Samples were all at the discharged state.
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Figure 6-7: (A) and (B) are images of electrodes without disintegration; (C) and (D) are images of
disintegrated electrodes. Silicon volume fractions are 2 % (A), 3 % (B), 8 % (C), and 11 % (D). They were all
encapsulated.

Upon closer examination of the encapsulation layer of those disintegrated electrodes, it was
observed that the PECVD layer had either cracked after 20 cycles (Figure 6-8A) or broken apart
when the capacity started fading after 40 cycles at 250 mA/g (Figure 6-8B). Although Figure 6-8A
shows cracking of the PECVD layer, the cross sectional morphology of the same electrode still
stayed intact (Figure 6-5D, E, and F). Maybe SEI formation on top of the encapsulation layer holds
cracks together, which continuously protected the Si-VACNTs underneath. When the PECVD
layer was ripped apart severely (Figure 6-8B), the top cross-sectional morphology looked more
like unencapsulated electrodes, where the boundary of the individual Si-VACNT was not clear
(Figure 6-9A), but the middle and bottom cross-sections showed less morphological changes as
opposed to that of the unencapsulated electrodes (Figure 6-9B and C). Hence, an investigation of
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what caused the PECVD layer to break apart and whether the electrode disintegration is associated
with it or not is critical to evaluation of the suitability of the PECVD encapsulation layer.
The reasons for the PECVD layer to degrade might come from two factors—one is from
thick SEI layer build-ups on top and the other is from repeated silicon volume changes causing
longitudinal and/or axial expansion in the Si-VACNT forests. Both the post-cycled encapsulated
and unencapsulated electrodes in Figure 6-5 (they were all de-lithiated when taking the images)
observed electrode disintegration during disassembly. However, the cross-sectional structure in
the encapsulated Si-VACNT forests did not experience significant morphological changes and had
a much lower fluorine content. The unencapsulated electrodes had a significantly different
morphology with high fluorine content. This evidence suggests that the SEI formation did not
cause the Si-VACNT mechanical failure, and that another failure mechanism is responsible for the
destruction of electrode integrity.
To further investigate if the PECVD layer degradation began at the first cycle, two heavilyloaded encapsulated Si-VACNT samples with the same silicon loading were cycled once and then
opened for SEM examination. One electrode was first charged to 0.02 V (Figure 6-8C) and the
other was first discharged to 0.8 V after charging to 0.02 V (Figure 6-8D). Since SEI tends to form
primarily in the first cycle [19, 50], if there is degradation of the PECVD layer then it is obvious
that the layer will not be able to protect the Si-VACNT forests from exposure to the electrolyte
solvents at the initial cycles. Both SEM images confirm that the PECVD layer still stayed intact in
the first cycle. Therefore, it is believed that SEI formed primarily on the PECVD layer and
continued to protect the silicon electrode. The PECVD layer breakdown might be caused by
repeated silicon volume changes upon cycling.
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Figure 6-8: SEM micrographs of electrode disintegration (A, B) with 8 vol% of Si, PECVD layer had been
through 100 cycles at 250 mA/g (C, D), and PECVD layer 1st charged (E) and 1st discharged (F).

Figure 6-9: SEM images of 12 vol% of Si-VACNT electrode where the encapsulated layer was broken apart.
The cross-section from top (A), middle (B), and bottom (C) were shown.
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Additional SEM images of post-cycled encapsulated Si-VACNT electrodes are shown in
Figure 6-10, where all the electrodes were cycled at various high current densities for 54 times in
total. The silicon volume fractions were from 2% (left column), 6% (middle column) to 9% (right
column). The electrode having 2 vol% of silicon had no cracking of the encapsulation layer (Figure
6-7A) and thus the cross-sectional morphology still stayed intact. But, when the encapsulation
layer started to crack (Figure 6-10B), the top and middle cross-sectional morphology started to
change (Figure 6-10E and H). Figure 6-10C, F and I show that the cross-sectional views of an
electrode with 9 vol% of silicon had significantly different morphology than the other two
electrodes. Based on these observations, several possible factors might cause morphological
changes of the encapsulated electrodes. For example, SEI could be more likely to form in the SiVACNT forests after the encapsulation layer degraded during cycling (Figure 6-10C).
Thus far, we have learned that the encapsulation layer did mitigate the morphological
changes resulting from SEI formation in the Si-VACNT forests as compared to that of the
unencapsulated electrodes. But, when the encapsulation layer was ripped open, the Si-VACNT
electrodes started to experience structural changes along the cross section. Hence, the electrode
failure mechanism is more likely due to silicon volume change at an early stage of cycling, then
leading to the degradation of the encapsulation layer, which caused the formation of SEI in the SiVACNT electrode.
6.4 Diffusion in Si-VACNT Electrodes
Results of cycling performance and post-cycling characterization for both the
unencapsulated and encapsulated Si-VACNT electrodes allow us to ponder some questions related
to lithium diffusion in solid-phases (e.g., Li diffusion in silicon electrode and in the SEI layer). In
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Figure 6-10: SEM images of post-cycled encapsulated Si-VACNT electrodes. Electrodes from left to right
have 2 vol%, 6 vol%, and 9 vol% of silicon and were cycled 54 times at various current densities. The top row
is the top views of the encapsulation layers, the middle row is the top cross-sectional view, and the bottom row
is the middle cross-sectional view. All electrodes were at discharge state.

this section, the diffusion mechanism in the Si-VACNT electrodes is addressed. First, diffusion in
Si-VACNT electrodes involves unsteady state solid-phase transport. Li ions diffuse through silicon
and/or carbon according to Fick’s second law (we assume that the system has no convection
involved):
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where Ci is the concentration of species i and D is the diffusion coefficient (for Li-Si system, we
assumed D is constant with the value of ~10-14 cm2⁄s for bulk diffusion of lithium through the
silicon [56]) . From the literature, surface diffusion is generally much faster than the bulk diffusion
[57, 58]. In our Si-VACNT electrodes, Li ions diffuse into Si-VACNT electrode via surface and
bulk diffusion. Namely, surface diffusion involves diffusion on the external surface of each SiVACNT from top to bottom; bulk diffusion takes place from the outer layer into the Si-VACNT
core. Si-VACNTs have the advantage of surface diffusion because they have high surface-tovolume ratio, which permits a large contact area with the electrolyte and improves the flux of Li
ions at the interface. Moreover, the Si-VACNT system had short diffusion length from the outer
shell to the inner core (~30 nm) as compared to bulk Si films (100-250 nm) [59, 60] due to the
nano-structured Si-VACNTs.
However, the diffusion that we discussed above did not take into account the SEI formation
on the silicon. As it is known that the SEI forms in parallel with the electrochemical reactions,
thick SEI formation inevitably hinders Li diffusion in a battery cell [34]. A thick SEI layer on Sibased electrodes creates resistance for Li ion flow and thus will impact the Li diffusion. Thanks to
the encapsulation technique, we were able to mitigate the SEI formation in the Si-VACNTs by
blocking out the electrolyte solvents from forming the SEI inside the Si-VACNT forests. That also
means that we were also able to investigate the diffusion mechanism in the encapsulated SiVACNT electrodes by changing the physical situation, particularly leaving out SEI formation. The
SEI would then form on top of the encapsulation layer. Encapsulated Si-VACNT electrodes had
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an extra PECVD carbon with CNT-spray layer for lithium ions to diffuse through before reaching
the silicon. Also, since the encapsulation layer prevented the electrolyte solvent from entering the
Si-VACNT forests, Li transport from the top to the bottom in the Si-VACNT forests would mainly
depend on solid-phase diffusion, either surface diffusion or bulk diffusion.
To further understand whether the encapsulation layer limits Li diffusion, the characteristic
time constant, based on Fick’s law, for Li ions to diffuse through the encapsulation layer was
computed to be about 0.4 sec when the layer is assumed to be ~400 nm and the diffusivity of
lithium in carbon is ~10-9 cm2/s [61]. Also, it is known that carbon is electronically conductive.
This suggests that the diffusion through the encapsulation layer is not a rate-determining step and
the encapsulation layer is not electronically resistive. On the other hand, it is challenging to
compute the characteristic time constant of the SEI layer because the composition of the SEI
depends on the potential and the cycle numbers [19]. The diffusivity of Li in SEI is still debated
and there is little information in literature. But, the diffusion resistance of the SEI layer must be
greater than that of the encapsulation layer since thick SEI layers create resistance [29].
Thus far, two things that we can learn are: 1) our Si-VACNT electrodes provide high
surface-to-volume ratio to allow more surface diffusion to happen and 2) the encapsulation layer
does not limit the lithium ion diffusion, but the SEI layer may play a role in the diffusion resistance.
6.4.1

Impact of VACNT Height on Li Diffusion in the Encapsulated Si-VACNT
Electrodes

In this section, the primary focus is on encapsulated Si-VACNT electrodes because the
encapsulation layer mitigates SEI formation inside the Si-VACNT forests (Figure 6-11A).
Essentially, Li diffusion mechanism for the encapsulated Si-VACNT electrodes involves solidphase diffusion through the encapsulation layer and SEI on the top and surface diffusion at the Si71

VACNT surface from top to bottom along with bulk diffusion into the Si-VACNT core. Since
there is not electrolyte underneath the encapsulation layer, Li transport relies on diffusion, either
on the surface of the tubes (surface diffusion) or into the tubes (bulk diffusion). In terms of
resistances, diffusion in these locations can be illustrated as a circuit with resistances (Figure
6-11B), which indicates that the electrode height is associated with the surface resistance. As the
electrode height increases, the diffusion length for surface diffusion increases. Meanwhile, the
bulk resistance is a function of the silicon layer thickness. Of particular interest here is whether
the transport down the length of the Si-VACNT is limiting.

Figure 6-11: schematic of diffusion resistances in the encapsulated Si-VACNT electrodes. (A) illustrates an
encapsulated electrode and (B) is the equivalent resistances for ion diffusion.

In order to determine whether the electrode height is an important limiting factor in
controlling the surface diffusion in the encapsulated Si-VACNT system, two experiments were
designed to test encapsulated Si-VACNT electrodes. Two groups with different electrode
heights—one was twice as tall as the other—were used to determine if electrode height limits Li
transport from the encapsulation layer down to the current collector. The first experiment was to
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cycle both tall and short electrodes, which have a similar silicon volume fraction, at 250 mA/g
(~C/10). That is, the designed experiment is to decide whether the surface diffusion limits Li
transport in the encapsulated Si-VACNT system. Two outcomes are possible—1) short electrodes
perform better and thus electrodes height does limit Li transport, and 2) both short and tall
electrodes perform similarly, and hence bulk diffusion limits Li transport.
In the first possible outcome, if the short electrodes perform better than the tall electrodes,
then the height plays an important role in Li transport. It would be because the superficial flux
(denoted as the rate of flow of a property per unit area, which in this case is the rate of Li ions
traveling through the cross-sectional area of an electrode) on the tall electrodes was twice as high
as that of the short electrodes. Since C-rate is based on the amount of active material that an
electrode has, the tall electrodes have approximately twice amount of active material than that of
the short electrodes. Hence, the tall electrodes would have more superficial flux passing through
the surface area of a tube and reach the cut-off voltage more quickly. On the other hand, in the
second possible outcome, if the cycling results of both tall and short electrodes cycled at the same
C-rate show a similar capacity value, it would be because Li transport could still access the silicon
electrode from top to bottom no matter how tall or short the electrode is. It could be possible that
bulk diffusion limitation is the same for both tall and short electrodes. In addition, if the cycling
result were turned out to be the first possible outcome, SEI formed on top of the encapsulation
layer might limit Li transport because SEI acts like a resistance (Figure 6-11B) that slows down
Li flux entering/leaving tall electrodes. Thus, Li can only access to a portion of the electrodes.
Figure 6-12 shows the cycling results of tall and short electrodes having similar silicon
loading. All electrodes were cycled at 250 mA/g and the specific capacities were normalized by
the silicon mass, after subtracting out the estimated carbon capacity. Even when the electrodes in
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Figure 6-12 had different heights and silicon loadings, their cycling results followed a similar
pattern. Although these data are limited, they do not indicate a systematic difference between the
performance of the short and tall electrodes. The results are like the second possible outcome as
described above. This indicates that diffusion in the “long” direction is not limiting at low rates.
Li can access both tall and short electrodes from top to bottom. A height-related resistance does
not appear to be limiting. Also, based on the results in Figure 6-12, it implies that SEI formed on
top of the encapsulation layer does not seem to hinder Li transport because both tall and short
electrodes performed similarly. If the SEI layer formed on the encapsulation layer were limiting,
the tall electrodes would perform worse.

Figure 6-12: Cycling performance of short and tall electrodes cycled at 250 mA/g.

Since the above experiment did not show a resistance dominated by height, another
experiment was designed to confirm this observation and provide additional information regarding
the limiting factor(s). The second experiment examined how electrode height impacted the cycling
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performance at various current densities by testing two groups of electrodes—tall and short
electrodes. Also, two different silicon loadings—one was 9 vol% of Si (Figure 6-13A, C, E) and
the other was 5 vol% of Si (Figure 6-13B, D, F) were tested for comparison. The tall electrodes
were approximately twice as high as the short ones. The same current density, as labeled in the
plots, was applied to both tall and short electrodes. Hence, the superficial flux (current normalized
by the cross-sectional area of the electrode, which was 1 cm2 for all the electrodes) was the same
for both tall and short electrodes. All capacities were normalized by the silicon mass, as described
above.
In the second experiment, the surface diffusion condition was the same for both tall and
short electrodes when they had similar silicon volume fraction because the cross-sectional area for
surface diffusion was the same. If Li transport down the Si-VACNT electrodes (surface diffusion)
is limiting, both tall and short electrodes would perform similarly and would have low capacity
because Li would only be able to access the top portion of either the tall or the short electrodes.
On the other hand, if surface diffusion is fast relative to diffusion from the outer shell to the inner
core (bulk diffusion), then the tall electrodes would perform better because the tall electrodes had
twice as much surface area for lithiation/de-lithiation. Moreover, the losses associated with the
superficial current should be the same for both tall and short electrodes since the superficial current
density was the same in this experiment.
As shown in Figure 6-13A and B, the capacities of the tall Si-VACNT electrodes were
higher than those of the short electrodes for the first 30 cycles. The tall electrodes performed better
than the short electrodes at low current densities. Because the tall electrodes had twice as much
bulk-diffusion area as that of the short electrodes, the local flux (the amount of Li ions per bulk-
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Figure 6-13: Cycling performance of Si-VACNT electrodes cycled at the same superficial current densities
with different heights. (A) and (B) show all 52 cycles of encapsulated 5 vol% and 9 vol% of Si-VACNT
electrodes cycled at various superficial current densities, respectively. The superficial current densities were
labeled in (A) and (B). (C) and (D) are zoom-in views of the last 20 cycles, where (C) shows cycling at 6.3 and
8.4 A/cm2 and (D) shows cycling at 10 and 13 mA/cm2.

diffusion area per unit time) of the tall electrodes was half of that of the short electrodes. More
specifically, when applying the same superficial current density (meaning that both electrodes had
the same amount of Li ion passing through the cross-sectional area of the electrode), the local flux
(amount of Li ions per bulk-diffusion area) of the short Si-VACNT was double that of the tall SiVACNT. This means that the tall electrodes had less local flux and more electrode volume for
lithiation and delithiation, leading to higher capacity.
Next, it is very interesting to know which diffusion limitation(s) dominate at higher
superficial current densities. The results are shown in Figure 6-13C and D with labeled current
densities. In Figure 6-13C, the tall electrode had better performance relative to the short one. That
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is to say, the electrode height does not limit Li transport at the conditions tested. At even higher
current densities (10 and 13 mA/cm2), both tall and short electrodes started to behave similarly as
shown in Figure 6-13D. The similar behavior probably indicates the diffusion limitations were
impacted by both surface and bulk diffusion. A more elaborate experiment is needed to determine
if both surface and bulk diffusion or other limiting factors impact Li transport when cycled at high
rates.
Electrodes that were cycled at high rates had low capacities because increased flux caused
a steeper concentration gradient of ions at the surface of each individual Si-VACNT. In addition,
higher rates increase the IR and polarization losses in a battery cell, causing the electrode to reach
the cut-off potential much more quickly. Hence, only part of the capacity in a battery cell can be
used. So far, we have seen that at low rates, tall electrodes had an advantage of having higher
capacity at low rates because tall electrodes had less local-flux at the electrode surface. This
indicates that electrode height does not limit Li transport down the Si-VACNT tube at low rates,
but bulk diffusion does.
6.5 Conclusion
The implementation of an encapsulation layer on Si-VACNT electrodes reduced the
surface area between the electrolyte and the electrode in order to mitigate the amount of SEI
formed. SEM, EDX, and TEM characterization indicated that the encapsulated Si-VACNT
electrodes had very little morphological change from the top to the bottom after long cycling as
opposed to the unencapsulated ones. Electrochemical cycling results showed that the lightlyloaded encapsulated electrodes had more stable performance than the unencapsulated electrodes
(Figure 7-1). However, some heavily-loaded encapsulated electrodes still faded quickly.
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Encapsulated Si-VACNT electrodes were successfully demonstrated, which allowed study
of diffusion limitations in the Si-VACNT system with the absence of SEI. From two experiments
that were designed to test whether the Si-VACNT height is a limiting factor in controlling Li
transport, the results showed that the electrode height did not play a critical role in controlling
surface diffusion in the encapsulated Si-VACNT electrodes for the conditions tested. Instead, Li
diffusion from the outer shell to the inner core (bulk diffusion) was the limiting factor.
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7

Discussion, Conclusions and Future Work

7.1 Discussion
The aim of the study was to use the merits of the Si-VACNT template to study two key
issues of Si-based anodes for lithium ion batteries: 1) the ability of a Si-VACNT electrode to
accommodate silicon volume changes during cycling and 2) the influence of SEI formation in the
Si-VACNT forests. First, the VACNT template initially served to accommodate volume changes
upon cycling because the nano-structured VACNTs provide not only the mechanical stability but
also adequate void spaces for volume accommodation. The other feature of VACNTs is that they
allow high electrical conductivity because each VACNT is vertically connected to the current
collector. However, based on the results of electrochemical testing and post-cycling
characterization of unencapsulated Si-VACNT electrodes, it was observed that the Si-VACNT
electrodes were filled up with SEI formation products after long cycling. Therefore, stabilizing
and reducing the amount of SEI formation is critical to improving the cycling performance of SiVACNT electrodes.
Thanks to the baseline performance of the unencapsulated Si-VACNT electrodes, we knew
that several things could be improved, especially with respect to the solid-electrolyte interphase
issue. First, we designed the patterned Si-VACNT electrodes to help facilitate lithium ion diffusion
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by embedding micro-sized channels into the Si-VACNT forests. The purpose of this patterned
design was to allow lithium ions to diffuse faster from not only the top but also the sides. However,
the preliminary results of the patterned Si-VACNT electrodes were not superior to the unpatterned
electrodes. In fact, the electrochemical cycling results indicated all the patterned electrodes had
relatively lower capacity and CE values; in addition, a constriction on top of each channel was
observed after long cycling. After removing the SEI from the patterned electrodes, the channels
were seen again, which confirmed that SEI formation accumulated in the channels. Since SiVACNTs introduce high surface area and thus more contact areas between the electrode and the
electrolyte, the large interfacial areas usually increase the effect of the side-reactions and SEI
formation during cycling, even with the implementation of micro-channels. The accumulation of
SEI formation in the channels created large diffusion resistance and hindered Li transport, which
ultimately limited the use of patterned electrodes. Hence, adequate surface modification on the
patterned Si-VACNT electrodes seems to be necessary in order to utilize the features of the microchannels.
Second, to mitigate thick SEI formation at the Si/electrolyte interface in Si-VACNT
electrodes, Si-VACNT electrodes were encapsulated to decrease the interfacial area. The goal was
to keep the electrolyte solvents from reacting with lithium to form SEI products in the Si-VACNT
forests. Too much SEI leads to increasing internal resistance of the battery cell and continuous
consumption of Li supply, thus causing irreversible capacity loss and shortening the cell life [34].
In this work, encapsulating the Si-VACNT electrodes was demonstrated successfully through the
use of CNT spray and PECVD deposition. The electrochemical testing results and characterization
showed that: 1) the capacity retention of the lightly-loaded encapsulated electrodes cycled at a low
rate and at various high rates was better than that of the unencapsulated ones but there was not too
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much difference for the medium-and heavily-loaded electrodes whether they were encapsulated or
not (see Figure 7-1 and Figure 7-2), 2) the encapsulation layer was able to reduce the SEI formation
in the Si-VACNT forests as evidenced by the lack of fluorine content and insignificant
morphological changes from top to bottom of the electrodes, 4) electrode disintegration was still
observed for heavily-loaded silicon samples, and 5) electrode height does not limit Li transport in
the encapsulated Si-VACNTs, but bulk diffusion (Li transport from the shell into the Si-VACNT
core) primarily affects the transport when electrodes were cycled at low rates and at some high
rates.
The reason that the capacities of the lightly-loaded encapsulated Si-VACNT electrodes
were superior to those of the unencapsulated ones when cycled at low rates was that the
encapsulation layer effectively mitigated SEI formation in the Si-VACNT forests, which decreased
the irreversible capacity loss to some extent as shown in Figure 7-1A and Figure 7-2A. The
unencapsulated electrodes had the disadvantage of high superficial area between the electrolyte
and the electrode, creating quite a large amount of SEI products that filled the Si-VACNT forest
as seen in Section 5.3.2. But, as the silicon loadings increased, the low rate cycling between the
encapsulated and unencapsulated electrodes performed similarly (Figure 7-1B, C, and Figure
7-2B). Although SEI formation plays a role in the irreversible capacity loss, the capacity fading of
medium- and heavily-loaded encapsulated electrodes had different failure mechanism than that of
the unencapsulated ones. Since a lack of fluorine content in those medium- and heavily-loaded
encapsulated electrodes was observed, electrode disintegration and large silicon volume changes
were more likely the reasons for both encapsulated and unencapsulated electrodes to perform alike.
Electrode disintegration was observed for both the unencapsulated and encapsulated
heavily-loaded Si-VACNT electrodes. Even protected by the encapsulation layer, the electrodes
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still experienced structural degradation, which indicates that SEI was not the primary cause of this
degradation. Silicon expansion was more likely to initiate the electrode disintegration. One of our
designed experiments indicated that the encapsulation layer of the heavily-loaded electrodes did
not have degradation at the first cycle. But, both unencapsulated and encapsulated electrodes
experienced electrode degradation after long cycling. That is to say, the electrode failure
mechanism of the encapsulated electrodes is ascribed to silicon volume changes upon cycling,
which leads to breakdown of the encapsulation layer and mechanical degradation. Electrode failure
mechanism of the unencapsulated electrodes is ascribed to the combination of SEI formation and
silicon volume changes. Although the Si-VACNT structure provides good electronic conductivity,
the mechanical stability is still problematic for heavily-loaded electrodes and requires
reinforcement to accommodate huge silicon volume changes. Figure 7-3 presents evidence of an
encapsulated electrode containing 12 vol% Si that experienced mechanical stress after long
cycling.
7.2 Conclusions
Originally, this hierarchically-engineered electrode structure was aimed to improve cycling
performance of Si-based electrodes by accommodating silicon volume changes using the merits of
carbon infiltrated VACNTs and by reducing the interfacial area between the electrolyte and the
electrode via the encapsulation. However, electrode degradation of both unencapsulated and
encapsulated heavily-loaded electrodes was observed. This implies that the Si-VACNT structure
can only accommodate low silicon loading but still struggles with high silicon loading. On the
other hand, results of the electrochemical testing and the post-cycling characterization show that
the encapsulation technique is a promising method to mitigate SEI formation inside the Si-VACNT
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forests, as well as a good tool to study diffusion mechanisms in the Si-VACNT electrodes. The
encapsulation layer alleviated SEI from forming in the Si-VACNTs, which allowed the study of
transport limitations. The results show that electrode height is not a limiting factor in Li transport,
but bulk diffusion plays a dominant role. Besides, the patterned Si-VACNT electrodes with
embedded micro-channels to facilitate Li transport suffered from SEI constricting the top channels.
The cycling performance of the patterned electrodes did not stand out from the unpatterned
electrodes. This again showed that SEI is one of the key factors to influence the cycling
performance. Hence, the encapsulation layer is indeed an encouraging technique to mitigate the
amount of SEI formed in the Si-VACNT electrodes. In light of recent developments in the battery
field, this work provides a contribution by presenting a study of reduced SEI formation through
the implementation of a combination of CNT spray and PECVD carbon encapsulation layer, which
acts as a barrier for the electrolyte.

7.3 Future Work
There are several opportunities for future work associated with this study. The
opportunities include: 1) performing computational modeling to help us understand limiting
processes and the role of diffusion mechanism in the Si-VACNT system and 2) enhancing
electrochemical cycling by using electrolyte additives (e.g., vinylene carbonate).
First, we were able to change the physical situation of Li transport in the encapsulated
electrode by reducing the SEI resistance formed in the Si-VACNT forests. The encapsulation layer
allowed study of Li diffusion in the Si-VACNT electrodes, namely the surface diffusion and bulk
diffusion. The results in Section 6.4.1 show that bulk diffusion is a dominant factor in Li transport
in the encapsulated Si-VACNT electrodes. However, it is very important to understand how
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Figure 7-1: Comparison of unencapsulated and encapsulated Si-VACNT electrodes cycled at 250 mA/g.
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Figure 7-2: Comparison of unencapsulated and encapsulated Si-VACNT electrodes at various current
densities.

Figure 7-3: SEM micrographs of an encapsulated electrode having 12 vol% of Si showing non-uniform Si
expansion.
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dominantly bulk diffusion impacts Li transport and the diffusion mechanism in the unencapsulated
Si-VACNT electrodes. A mathematical description of the fundamental aspects of the Si-VACNT
battery behavior can be used to identify limiting factors and the processes responsible for observed
trends in experiments. Several different types of models can be developed, including a 1D
cylindrical model and a 1D porous electrode model.
Second, stabilizing SEI is a key factor to improve battery cycling performance. Besides the
encapsulation layer to mitigate SEI formation, there are other methods to stabilize SEI. For
example, adding an electrolyte additive (e.g., vinylene carbonate) has been studied and proven to
improve the stability of SEI formation on graphite anodes [62]. Electrolyte additives were also
found to be an effective way to reduce LiF-containing SEI products and enhance capacity retention.
Chen et al., used vinylene carbonate as an electrolyte additive in LiPF6 to cycle Si thin film
electrodes [63]. The results indicated that the reversible capacity can be maintained over 50% after
500 cycles. It seems that combining the advantages of the encapsulation layer and the electrolyte
additives may make it possible to stabilize and reduce SEI simultaneously.
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Appendix A. Encapsulated VACNT Electrodes

PECVD-encapsulated VACNT electrodes were fabricated in parallel with encapsulated SiVACNTs electrodes in order to compare the difference in cycling performance. Encapsulated
VACNT electrodes were cycled at the same potential window as the encapsulated Si-VACNTs but
with different current densities since carbon has much less specific capacity than silicon. The 1st,
2nd and 5th cycles of voltage vs. capacity plots were shown in Figure A-1. Both plots show that in
the first charge curves, there was a peak around 0.4-0.6 V, which was also seen in the lightlyloaded Si-VACNT samples. Further investigation of what caused the peak is needed.

Figure A-1: voltage vs. capacity plots of encapsulated VACNT electrodes cycled at 30 mAh/g.
The 1st, 2nd and 5th cycles were shown here.
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Appendix B. AFM Data for the CNT-Spray Thickness

Figure B-1: AFM data of a sample after 50 runs of CNT spray.
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